鉄筋腐食の空間変動性を考慮したRC部材の構造性能評価 by Lim Sopokhem
  
 
Structural performance assessment of RC members 
by incorporating the spatial steel corrosion 
鉄筋腐食の空間変動性を考慮したRC部材の   
構造性能評価 
 
 
 
 
 
 
February 2018 
 
 
Sopokhem LIM 
リム ソーポーケム 
 
 
  
 
Structural performance assessment of RC members 
by incorporating the spatial steel corrosion 
鉄筋腐食の空間変動性を考慮したRC部材の  
構造性能評価 
 
February 2018 
 
Waseda University 
Graduate School of Creative Science and Engineering 
Department of Civil and Environmental Engineering,  
Research on Concrete Structure 
 
 
Sopokhem LIM 
リム ソーポーケム 
 
i 
 
 
Acknowledgement 
This Ph.D. dissertation marks an end to a long journey for my postgraduate education in 
Japan. To me, it represents a memorial achievement of my hard work for a period of five 
years. Studying in Japan is, what I can say, one of best things ever happening to me. It 
not only helps me unveil a new horizon of perception and knowledge but also helps 
reshape my brighter future visions. Thus, I would like to express my profound 
appreciation and gratitude to the government of Japan for awarding me the MEXT 
scholarship and giving me this golden opportunity to pursue my postgraduate degree in 
Japan.  
This Ph.D. dissertation can be completed due to the contributions of several 
people to whom I am obliged to express my sincere appreciations. Firstly, special 
acknowledgement and gratitude are presented to my supervisor Prof. Mitsuyoshi 
Akiyama who keeps disciplining and inspiring me to have more positive and challenging 
attitudes. For these many years, I have been so grateful for his trusting and encouraging 
me to challenge myself to gain more experiences, competencies, and achievements in my 
academic research and career. Without his strategic plan and kind instructions, I might 
not have completed my Ph.D. degree within the 5-year time frame. Secondly, I would like 
to thank to all of the students in Akiyama laboratory, especially my juniors Okamoto, 
Matsuda, Song, and Raju, who help me conduct the research and assist me during 
computational analysis.  
Moreover, I would like to extend my sincere appreciation and gratitude to all of 
my Ph.D. dissertation committee, Prof. Atsushi Koizumi, Prof. Osamu Kiyomiya, and 
Prof. Kiyoshi Ono who spent the valuable time attending my thesis defense and providing 
constructive comments to improve this dissertation. Also, my appreciation goes to the 
ii 
 
laboratory staff in Material Engineering laboratory for their kind supports during the 
concrete experimental tests.  
Last but not least, I would love to say a million thanks to my beloved wife Sophy 
as well as my and her families to whom I am in debt for their constant care and motivation 
during my busy studying time in Japan. 
 
Sopokhem LIM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
Summary 
Steel corrosion is well recognized as a dominant cause of deteriorating RC structures. It 
represents enormous economic loss to nations around the world for the cost of 
maintenance, repair, and replacement of the corroded structures. Therefore, the 
establishment of reliable models for the long-term structural performance assessment of 
corroding RC structures is important to assist the government and structure asset owners 
in decision-making on remedial repair and maintenance action plan to extend their service 
life and prevent the economic loss.  
Finite element and probabilistic approaches have been used for the structural 
performance assessment of corroding RC structures. However, the difficulty in 
quantifying the spatial steel corrosion along the RC structures has been reported as the 
primary challenge in conducting the computational methods more objectively and 
precisely. In addition to improving computation methods, it is more important to 
adequately assess and incorporate the level and location of reinforcement corrosion into 
the computational methods in order to obtain more objective prediction results. To model 
the spatial steel corrosion, there is a need to experimentally investigate how the steel 
corrosion increases or changes at different corrosion times. This dissertation aims to 
experimentally study the spatial growth of steel corrosion in RC members using X-ray 
and digital image processing technique and develop a procedure to assess the structural 
performance of corroding RC structures by incorporating the spatial steel corrosion. It is 
composed of six chapters. 
Chapter 1 explains the research background and motivation for the study of 
spatial variability associated with steel corrosion in order to evaluate the structural 
performance of corroding RC structures, and some specific objectives of the research are 
provided. 
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Chapter 2 provides systematic literature review on the fundamental concepts of 
steel corrosion in RC structures, effects of corrosion damages on the RC materials and 
structural performance, and recent trend of experimental studies on the spatial steel 
corrosion of corrosion-accelerated beams by means of destructive and non-destructive 
methods.      
Chapter 3 describes the experimental tests and procedure to estimate the spatial 
steel corrosion and corrosion crack width using digital image processing technique. 
Corrosion of the embedded longitudinal rebar in the RC beams was accelerated via the 
electrochemical technique. At specific time intervals, the crack widths were recorded by 
taking photos of surface cracking on the bottom of the beams. X-ray radiography was 
performed once before the steel corrosion initiated and several times during the corrosion 
process to capture the non-corroded and corroded rebars embedded in the RC beam from 
different viewing angles. The X-ray images of steel rebar and photos of cracking were 
used in the digital image processing to estimate the steel weight loss and crack width per 
5 mm along the RC beam for the total length of 840 mm.  
Chapter 4 reports and discusses the key findings of experimental results. The 
estimated rebar weight loss calculated using the digital image analysis was found to be 
only 3% higher than that of the actual measured steel weight loss. This demonstrated the 
good accuracy of the present technique for investigating the spatial growth of steel 
corrosion. The distributions of the steel weight loss and crack width are spatially non-
uniform, and their degree of non-uniformity significantly increases with the global mean 
steel weight loss (MRw) and corrosion cracking (MCw). Nevertheless, there also appears 
a consistent trend of the erratic shapes of spatial steel corrosion as the values of MRw 
exceed 5%. The effect of W/C ratio on the increased steel weight loss is not obvious. 
Meanwhile, the crack width of the specimens with low W/C ratios increased faster than 
those with high W/C ratios. The crack width and steel corrosion of the specimen without 
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stirrups increased more quickly than those of specimens with stirrups. For a small 
variability in the steel weight loss (i.e., a standard deviation below 4.3%), the mean steel 
weight loss has a dominant effect on the loading capacity of the corroded beams. As the 
dispersion in the steel corrosion increases, the influence of the pitting corrosion on the 
loading capacity becomes more significant than the mean steel weight loss.   
Chapter 5 presents finite element method and probabilistic approach used to 
evaluate the structural performance of corroded RC members. For the finite element 
method, the effects of two different inputs (i.e., uniform and non-uniform cross-sections 
along the reinforcement) on the computational accuracy were studied. For the 
probabilistic methods, the Gumbel statistic of the maximum steel weigh loss ratios per 
50-mm-long rebar was established. The relationships between the Gumbel parameters 
and global mean steel weight loss are then developed; and an example is illustrated for 
the application of Gumble statistics of the maximum of steel weigh loss ratios to study 
the effects of the spatial and non-spatial steel corrosion on the failure probability of a 
corroded RC beam under flexure. Both of the results from FE and probabilistic methods 
indicate that an assumption of uniform steel cross-section loss over the RC beam provides 
an overestimation of structural performance of corroding RC structures in comparison to 
the other assumption with non-uniform cross-section.  
Chapter 6 provides the concluding remarks and the limitations to be explored in 
the future works. The experimental data of spatial steel corrosion is very valuable and 
important since it provides the statistical data for facilitating the life-cycle assessment and 
management of deteriorated RC structures. The experimental data of steel weight loss 
was also used in the FE method to study the effects of two different inputs (i.e., uniform 
and non-uniform cross-sections) on its accuracy. Moreover, in an illustrative example, the 
relationships between Gumbel parameters and global mean steel weight loss has been 
incorporated into a probabilistic model to study the effects of non-spatial and spatial steel 
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corrosion on the reliability assessment of corroding RC structures. Both the FE and 
probabilistic methods suggest an assumption of the uniform steel corrosion is not 
conservative; it is necessary to consider the spatial steel corrosion when evaluating the 
structural performance of corrosion-affected RC structures. The limitations and future 
works are also given herein for further improvements. The RC specimens shall be 
reinforced with multiple rebars to study the effects of the potentials of neighboring bars 
on other rebars. The accelerated corrosion test shall be conducted using smaller current 
densities than the present value of 1000 μA/cm2 to study the effects of different current 
densities on spatial variability of steel weight loss. Constitutive model associated with the 
bond behavior in the FE method needs to be improved to simulate bond deterioration 
effect more precisely. Moreover, the method of integrated approach using the FE and 
probabilistic method might be a better option for considering the corrosion effects on 
bond performance and material properties of concrete on the long-term structural 
performance assessment of corroding RC structures. 
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Chapter 1: Introduction  
1.1 Background and motivation of research 
Since the early twentieth century, reinforced concrete (RC) has been used all over the 
world for a wide variety of structures such as residential and industrial buildings, 
transportation infrastructures (e.g., bridges, tunnels, and high ways), water system and 
retaining structures (e.g., water pipe lines, reservoir tanks, and irrigation dams), and 
offshore structures (e.g., harbors, light houses, and offshore platforms). Due to various 
applications of RC structures, they are exposed to different environments, some of which 
can be severe such as marine environments, intensified industrial zones, and other severe 
weathering or natural-hazard areas. Initially, it was believed reinforced concrete was 
made of such durable materials (i.e., concrete and steel reinforcement) that RC structures 
would perform their functions well under various conditions of environmental exposure. 
However, from the second half of the twentieth century, there has been increasing 
deterioration and durability problems of RC structures, and their service life and safety 
are notably decreased primarily due to reinforcement corrosion. 
Presently, steel corrosion attracts considerable attentions worldwide due to the 
tremendous economic loss it has brought upon all nations. Through times, corrosion 
inflicts damages on RC structures (e.g., concrete cover cracking and spalling) and leads 
to decrease in performance and safety, which demands costly maintenance or replacement 
action plans. In the United States, about 15% of the total 586,000 highway bridges in 
1997 was categorized as structurally deficient primarily due to steel corrosion; and the 
annual direct cost of corrosion for the bridges was estimated to be $8.3 billion, according 
to the Federal Highway Administration, FHWA (2002). In 2012, FHWA estimates that the 
U.S. government is required to increase their annual spending from the $12.8 to $20.5 
billion in order to eliminate the structurally deficient bridge backlog across the U.S. by 
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2028 (ASCE report card, 2013). Meanwhile, the corrosion cost of bridges in Japan in 
1997 was estimated to be JYP 34.71 billion according to Committee on cost of corrosion 
in Japan (1997). In 2004, the annual cost of maintenance, management, renewal of public 
infrastructure and restoration from natural disasters in Japan rose to JPY 5 trillion, as 
reported in Watanabe et al. (2014).  
Therefore, the establishment of a reliable model to assess the performance of 
corrosion-affected RC structures is an important task for structural engineers and 
researchers in assisting the government, infrastructure asset owners, and occupants in 
decision-making on remedial repair and maintenance action plan to extend their service 
life and prevent considerable economic loss. The deterioration process of steel corrosion 
that results in performance degradation of RC structures is a complex phenomenon. It 
involves multiple main parameters (i.e., the loss of concrete-bond interface and reductions 
in geometry and mechanical properties of concrete and reinforcement). Moreover, some 
of these parameters also have coupling of single effects (i.e., the coupling effect of the 
reduced steel cross-section and concrete-steel bond as reported by Castel et al. (2000a) 
and (2000b). Therefore, the performance assessment of corrosion-affected RC structures 
demands for a numerical analysis that can consider the damage level of rebar and concrete, 
and their interactions.  
Recently, the finite element (FE) analysis has been employed to assess the effects 
of corrosion damage on the structural performance of corroded RC members, and its 
validation was also verified by comparing the numerical results to those of experimental 
test (e.g., Kallias and Rafiq, 2010; Coronelli and Gambarova, 2004; Lee et al. 1999). 
Despite of the differences in FE modelling and material constitutive used, these studies 
focus on the damages as reductions in the effective material properties and geometry of 
the RC members by modifying the geometry of the steel and concrete elements and the 
constitutive laws of steel, concrete, and their bond interface. However, Coronelli and 
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Gambarova (2004) highlighted one of the main challenges is the difficulty in quantifying 
of steel cross-section loss along the length of RC member which serves as an important 
parameter for modeling local damages on steel and concrete as well as their interaction. 
In addition to the improved constitutive models, Akiyama et al. (2014) and Shimomura 
et al. (2011) suggest the more important tasks in numerical modelling of corroding 
structures are how to accurately estimate location and level of reinforcement corrosion 
and how to adequately represent their damages as the input data in the FE models. Hence, 
the location and degree of reinforcement corrosion of the corroded RC structures shall be 
adequately evaluated or estimated if their performance is to be reliably assessed by the 
numerical methods.  
Moreover, the probabilistic method has been widely used to assess the long-term 
performance of corrosion-affected RC structures (Marsh and Frangopol, 2008; Mori and 
Ellingwood, 1993; Stewart and Mullard, 2007). Stewart (2004) emphasizes it is necessary 
to consider the spatial variability of steel corrosion in the probabilistic models. Ignoring 
the spatial variability of corrosion leads to an error of failure probability. However, the 
limited experimental data on the evaluation of the spatial variability in steel weight loss 
through the corrosion time has been reported to hinder the improvement of the accuracy 
of the prediction models (Akiyama and Frangopol, 2014; Akiyama et al., 2010). The 
scarcity of experimental data is due to the difficulty in continuously observing the non-
uniform spatial corrosion of steel weight loss during various stages of corrosion.  
As stated above, it is essential to assess the spatial variability of steel corrosion 
along the corroded RC structures for their structural performance evaluation. However, 
in practice, it is very difficult to assess adequate data of steel corrosion from the real RC 
structures. Corrosion of steel reinforcements is not uniform over the RC structures; it is 
found to be varied through time and space due to various factors that are hardly controlled 
including the variability in material properties of concrete, workmanships, exposure 
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conditions, and concrete covers (Fazio and Mirza, 1999; Akiyama et al. 2017). 
Consequently, it is subjective to extract or assess only some samples of corroded bars at 
particular locations for the inspection data to best represent the spatial variability 
associated steel corrosion for the whole large-scale structure.  
Hence, it is anticipated that the data of spatial steel corrosion obtained from 
experimental studies of corrosion-accelerated RC members in the laboratories can be used 
as complimentary data to that of in-situ inspection to help improve the degree of accuracy 
in estimating the spatial variability associated with steel corrosion in the RC structures. 
This can provide better results of spatial steel corrosion estimation for assessing the 
remaining service life of existing corroded RC structures. In the absence of inspection 
data, the statistical data from the experiment can also be incorporated with numerical and 
probabilistic models to predict the long-term performance of new-built structures in an 
anticipated aggressive marine environment with some proper assumptions. 
To achieve this goal, there is a need to experimentally investigate how the steel 
corrosion increases or changes at different corrosion times. In the literatures, several 
researches have been conducted to investigate the spatial variability associated with steel 
corrosion for attempts to model steel corrosion using statistical data from experimental 
tests. The destructive method is commonly used by breaking some corroded specimens 
at different corrosion times and retrieve the corroded rebar samples for measuring their 
weights (e.g., Kashani et al. 2013a; Vidal et al. 2004) or for scanning their morphology 
using an advanced 3D optical scanning device (e.g., Kashani et al. 2013b). However, 
since these methods require some different specimens to be demolished at various 
corrosion times, they can suffer from errors due to the difficulty in making the same 
experimental conditions repeatable and other uncertainties (e.g., different corrosion 
cracking patterns and locations of steel corrosion).  
To avoid the above-mentioned problems, a monitoring method of steel corrosion 
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using a non-destructive X-ray technique can be a better option since it enables a 
continuous study of the spatial growth of steel corrosion throughout the corrosion process. 
Akiyama et al. (2013) employed the X-ray and digital image processing techniques to 
study and quantify the spatial variability of steel weight losses along the corroded bars 
inside the RC specimens. The merits of this method are of great interests since the 
evolution of spatial distribution of steel corrosion and its relationship with the corrosion 
cracking can be studied at various corrosion times and also a good accuracy of estimated 
steel weight loss can be obtained. In this research, a similar method to that of Akiyama et 
al. (2013) is used for the investigation and estimation of the spatial growth of steel 
corrosion of corroded beams at different corrosion process. Larger specimens with longer 
length of corroded steel bars are used in this study. Moreover, by using a new upgraded 
X-ray apparatus and image intensifier, X-ray photograms can be acquired with a higher 
resolution that can detect corrosion products. The more advanced digital image analyzer 
also improves the accuracy of estimating the steel weight loss. As a result, better estimated 
results of steel weight loss can be obtained.   
1.2 Objectives of the research 
The objectives of this research are to: 
(a) Establish a procedure to visualize and estimate the spatial variability associated with 
steel weight loss using X-ray and digital image processing; 
(b) experimentally investigate the effects of water-to-cement ratios and stirrups on the 
spatial variability associated with the steel corrosion and crack width;  
(c) experimentally study the effects of spatial variability associated with steel corrosion 
on the structural behavior of corroded RC beams; 
(d) establish a procedure to assess their deteriorated structural performances using 
experimental data and FE analysis; 
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(e) develop the Gumbel statistics of extreme values using the experimental data of steel 
weight loss to model the spatial steel corrosion;  
(f) and establish a probabilistic method to evaluate the effect of spatial steel corrosion on 
structural reliability of corroded RC beams using Gumbel statistics of extreme values. 
In the experimental section, the spatial variability of the steel weight loss was 
quantified using X-ray and digital image processing techniques (Lim et al. 2017). In the 
FE method, the experimental data of the steel weight loss is used to model the residual 
geometry of the reinforcement, reduced concrete strength, and deteriorated bond-slip 
relations, and the effect of modeling on the steel weight loss distribution of longitudinal 
rebar over the RC beam (i.e., non-uniform or uniform distribution) on the computational 
accuracy of the FE analysis is investigated (Lim et al. 2016). The accuracy of the FE 
model is also verified by comparing the numerical results to those measured in the 
experimental test. Furthermore, this research also presents a method to develop the 
Gumbel distribution parameters for a maximum steel weight loss ratio. The relationship 
between the Gumbel distribution parameters and corrosion amounts is also established. 
This relationship can be incorporated within a probabilistic model to assess the long-term 
performance of corroded RC structures. An illustrative example is provided for 
application of Gumble statistic of maximum steel weight loss ratio in order to assess a 
long-term performance of a corroded RC beam. The data of the spatial variability 
associated with the steel corrosion that is obtained from this experiment will contribute 
to enhancing the accuracy of life-cycle assessment of aging RC structures in an aggressive 
environment (Frangopol et al., 2011; Akiyama et al., 2016). 
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Chapter 2: Literature review 
2.1 Fundamental concepts of steel corrosion 
Corrosion process of steel in concrete is dynamic and complex. It involves the penetration 
and concentration of aggressive iron or gas (i.e., chloride from sea water or deicing salts 
and carbon dioxide from atmosphere) into the concrete medium and gradually causes 
corrosion damages on steel reinforcing bar in terms of cross-section loss. However, it is 
difficult to imagine under what mechanisms the aggressive agents can penetrate into a 
dense barrier of concrete cover and cause corrosion at the depth of rebars. In order to 
comprehend the corrosion phenomena, it is necessary to have a basic understanding on 
the properties of RC materials, steel reinforcement and concrete (especially 
microstructure of concrete which plays an important role in determining its mechanical 
properties and durability including permeability, diffusivity, and transportation of 
aggressive liquids and gas). 
2.1.1 Steel reinforcement  
Steel is an alloy which is mainly composed of iron and small percentage of other chemical 
elements which includes carbon. Carbon is the most important element. Increasing the 
carbon content increases the strength and hardness, but decreases the toughness and 
ductility of steel. The other chemical components are manganese, silicon, copper, 
chromium, columbium, nickel, phosphorus, aluminum etc. Structural steels may be 
classified as carbon steel, high-strength low-alloy steel, and alloy steel (Smith 1996). 
Carbon steel contains maximum percentage of elements other than iron such as 
1.7% carbon, 1.65% manganese, 0.60% silicon, and 0.60% copper. Carbon steels are 
divided into four categories: (1) low carbon (less than 0.15%); (2) mild carbon (0.15% ~ 
0.29%); (3) medium carbon (0.30% ~ 0.59%); and (4) high carbon (0.6% ~ 1.70%) (Smith 
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1996). Mild carbon steel, also known as mild steel, is the most common type of steel used 
in building construction which has a yield point of 250MPa. High-strength low-alloy 
steels have a distinct yield point ranging from 275 to 485 MPa. Alloy elements such as 
chromium, columbium, copper, manganese, molybdenum, nickel, phosphorus, vanadium, 
and zirconium are added to improve some of the mechanical properties of steel. Alloy 
steels do not have a distinct yield point. Their yield strength is defined as the stress at an 
offset strain of 0.002 with yield strengths ranging from 550 to 750 MPa. The high-strength 
low-alloy and alloy steels generally used for constructing bridges (Kanno 2016). Fig. 1 
represents the typical stress-strain relationships for different types of steel. 
 
 
Fig. 1 Typical Stress-Strain curves for steel (Smith 1996). 
 
In nature, iron or steel does not exist; it is originally found in terms of iron ore 
in a stable state such as Fe3O4 and Fe2O3. In the ironmaking process, a large amount of 
heating energy is needed to smelt iron from iron ore. When subjected oxygen and water 
in the atmosphere, iron or steel that is a production material tends to convert itself back 
to the original state through an electrochemical process by passing electrons and 
producing rust such as oxides or hydroxides. In nature, this conversion process of iron to 
its original state is well known as metallic or steel corrosion (Angst, 2011). 
Alloy steel
High-strength low alloy steel
Carbon steel
Stress (MPa)
700
550
420
275
120
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2.1.2 Concrete and its microstructure 
Concrete is a composite material principally made of aggregates, portland or blended 
cement, and water, and possibly contain other cementitious materials and/or chemical 
admixtures (ACI 211.1-91, 2002). The most important constituent of concrete is cement 
binder, commonly portland cement. According to Mehta and Monteiro (2006), portland 
cement is produced by pulverizing a clinker with a small amount of calcium sulfate. The 
clinker is a heterogeneous mixture of various compounds that is made by reactions among 
calcium oxide CaO (customarily denoted as C in cement chemistry) and silica SiO2 (S), 
alumina Al2O3 (A), and iron oxide Fe2O3 (F) under high temperature. Portland cement is 
composed of four principal clinker compounds: 3CaO•SiO2 (denoted as C3S in cement 
chemistry), 2CaO•SiO2 (C2S), 3CaO•Al2O3 (C3A), and 4CaO•Al2O3•Fe2O3 (C4AF). 
During the concrete mixing, when portland cement comes into contacts with water, its 
constituents have hydration reactions with water and result in a hydrated cement paste 
which cohesively bind the aggregate particles. Aggregates (sand and stone) of different 
sizes and shapes suspended in the glue-like cement paste renders this composite with 
dimensional stability, strength, and cost efficiency. 
On a polished section of concrete, without any eye-aided instrument, one can 
identify only two phases of concrete from its macrostructure: aggregate (scattering of 
various shapes and sizes of aggregate particles) and hydrated cement paste. However, the 
studies on macrostructure of concrete are limited in providing insufficient responses to 
some durability and deterioration problems of concrete which is relevant to steel 
corrosion aspect such as permeability (internal porous structures), changes in internal 
structure due to chemical attacks and reactions (hydration reaction), transportation of 
aggressive liquids or gases (absorption and diffusion of concrete) and others. In responses 
to the above-mentioned durability and deterioration problems of concrete, the studies on 
the microstructure of concrete (Mehta and Monteiro, 2006; Scrivener, 2004; Diamond, 
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2004; Ollivier et al. 1995) provide more comprehensive explanations. On the level of 
microstructure, concrete is divided into three principal phases: aggregate, cement paste, 
and the interfacial transition zone between them.  
Solids of hydrated cement paste: solids of cement paste are the hydrated 
cement products of the hydration reactions between cement and water. Among the 
hydration reactions, the most important ones are those involving the conversion of C3S 
and C2S into a not-well-defined C-S-H gel (calcium silicate hydrate) and portlandite 
crystals (calcium hydroxides, CH). In a completely hydrated cement paste, the solid 
volume of hydrated cement paste is filled up by C-S-H gel of 50% ~ 60%, calcium 
hydroxide of 20% ~ 25%, calcium sulfoaluminates hydrates of 15% ~ 20%, and other 
unhydrated clinker grains (Mehta and Monteiro, 2006). Since C-S-H gel and calcium 
hydroxide occupied most volume of cement paste, they are the two important phases 
determining the strength properties of the cement paste.  
Porous structure (voids of hydrated cement paste): in addition to solids of 
hydrated products, cement paste is also composed of a few types of void. According to 
Mehta and Monteiro (2006), the smallest voids in the hydrated cement paste are interlayer 
spaces or gel pores of C-S-H structure since C-H-S is an ill-defined compound with 
morphology varying from poorly crystalline fibers to reticular network. Another type is 
called capillary void that represents the space initially occupied by water but not filled up 
by hydrated cement products. When portland cement is blended with water, its 
compounds undergo a sequence of hydration reactions which result in increasing hydrated 
products of cement to gradually fill up the space initially occupied by water. Since the 
water is either evaporated or consumed in hydration reactions, hydrated cement products 
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Fig. 2 Size of solids and voids in a hydrated cement paste (Mehta and Monteiro, 2006).  
 
basically have a volume smaller than the substances before hydration. Eventually, the 
space of water can be completely filled up and capillary voids remain. Moreover, the 
cement paste also contains unintentionally entrapped air voids during concrete mixing or 
incomplete compaction and possibly the other intentionally entrained air voids for freeze-
thaw resistance. Fig. 2 illustrates the dimension of pore and solids in the hydrated cement 
paste. The interlayer space of C-S-H structure ranges from 5 to 25 Å (1 Ångström = 0.1 
nm). On the other hand, the capillary voids have irregular shapes and a wide range of size 
from 10 nm to 1 μm since their sizes depend on water-to-cement ratios and degree of 
hydration, see Figs. 3(a) and (b). Entrapped air voids can be as large as a few millimeters 
while entrained air voids usually range from 50 to 200 μm. It is worth noting that the pore 
size distribution is a better indicator for determining the characteristics of a hydrated 
cement paste. The interspace layer of C-S-H structure is too small to have an effect on 
strength and permeability of the paste but might contribute to the drying shrinkage and 
creep. For capillary voids, the size of voids larger than 50 nm probably have more 
influences on the strength and impermeability of the hardened cement paste; however, the 
smaller voids than 50 nm can have more adverse effects on drying shrinkage and creep. 
Water in cement paste: According to Mehta and Monteiro (2006), depending 
on the pore structure of a cement paste and humidity in the environment, water can 
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(a) Effects of W/C ratios on the distribution of pore diameters  
  
(b) Effects of the age (degree) of hydration on the distribution of pore diameters. 
Fig. 3 (a) effects of W/C ratios and (b) effects of the age (degree) of hydration on the size 
distribution (Mehta and Monteiro, 2006).  
 
manifest itself in the paste in different forms. Types of water in cement paste are classified 
via the degree of difficulty at which it can be removed from the paste. Capillary water is 
the water in capillary voids in the cement paste. The removal of water in capillary voids 
larger than 0.05 μm (i.e., free water) does not lead to any changing volume; however, the 
removal of water in small capillary voids ranging from (5 to 0.05 nm) might lead to 
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shrinkage of cement paste. Another category of water in cement paste is called absorbed 
water that is physically absorbed onto the surface of solids by attractive forces. Its large 
amount can be lost when cement paste is dried to 30 percent relative humidity, causing 
shrinkage of cement paste. Another form of water is the interlayer water contains in C-H-
S gel which can be only lost due to strong dry below 11 percent relative humidity. Lastly, 
chemically combined water is an integral part of the microstructure of various cement 
hydration products. It cannot be removed from the cement paste by drying but by the 
hydrates decomposed on heating. 
Interface transition zone of concrete: Unlike the plain cement paste, mortar 
and concrete have aggregates. The presence of aggregates makes a few significant 
differences and produce a so-called interfacial transition zone between aggregate and the 
bulk hydrated cement paste as indicated in Fig4(a). Firstly, due to wall effects of large 
aggregates, the spatial distribution of cement particles might become more dispersed at 
local boundaries closed to aggregate particles (Ollivier et al. 1995; Scrivener, 2004). With 
respect to this behavior, it can be seen from Fig.4(b) that there is an interfacial transition 
zone which is represented by the line appear after the coarse aggregate (in the left side of 
the image), and it has more porosity comparing the bulk cement paste in the further right 
part of the image. This might be inferred that, after the casting the concrete, there was a 
higher water- to-cement ratio (more dispersed cement grains with so much water) in the 
region of ITZ (Secrivener, 2004). Secondly, aggregates introduce a high level of 
heterogeneity of cement particles since it disrupts the pack of cement grains. There is not 
always ITZ appearing around the boundary of aggregates; there is a large variation of 
microstructure in ITZ. It is evident that, during the concrete compacting, a higher water- 
to-cement ratio will move up and attach to the underside of aggregates. This creates a 
micro bleeding or ITZ at the bottom region of the aggregate rather than on the top. Since 
ITZ has more volume and bigger size of voids than aggregates and the bulk cement paste,  
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(a) Diagram representing the interfacial transition zone and bulk cement paste of concrete 
(Mehta and Monteiro, 2006)  
  
(b) image of interfacial transition zone of concrete (Scrivener, 2004) 
Fig. 4 (a) Image of interfacial transition zone of concrete and (b) Diagram representing the 
interfacial transition zone and bulk cement paste 
 
ITZ represents the weakest link of chain between the two components, and especially at 
the early hydration it is prone to cracking due to shrinkage or thermal invariants. The 
strength of ITZ depends on water-to-cement ratios, size and grading of aggregate, 
compaction degree, curing condition, humidity of environment. 
Permeability of concrete: permeability is defined as the extent to which 
interfacial transition zone, leading to weaker and more permeable concrete. Although the 
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Fig. 5 Effects of water-cement ratios and maximum aggregate size on concrete permeability 
( U.S. Bureau of Reclamation, 1975). 
  
Concrete is a dense material, the size distribution and continuity of capillary voids in 
cement paste (that are dependent on water-cement ratios and degree of hydration) and 
microcracks in ITZ are indisputably permeable, which allows the transportation of 
aggressive liquids and gases through its solid structure. 
Alkaline-environment of concrete: Cement paste of concrete contains hydrates 
of calcium (e.g., C-S-H, CH, and ettringite, C-A-S-H) in a stable equilibrium with a high-
pH pore fluid. Depending on the concentration of ions Na+, K+, and OH-, the pH value of 
concrete ranges from 12.5 to 13.5. Due to its alkaline-rich cement paste, exposure of 
concrete to certain environments that has acidic liquids causes detrimental effects to its 
durability. It should be noted that the rate of chemical attacks depends on the degree of 
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permeability and pH of the aggressive fluid. For instance, free CO2 in soft or stagnant 
water, acidic ions such as SO42- and Cl- in groundwater and seawater, and H+ irons in 
industrial waters are attributed to lowering the pH below 6 and causing harmful effects to 
concrete. If the pH of the aggressive agent is over 6 and permeability of concrete is low, 
the rate of attack cannot be taken as serious (Mehta and Monteiro, 2006). Therefore, the 
durability of concrete is determined by its permeability (e.g., capillary voids, ITZ, and 
internal microcracks) and ability to keep the pH value over magnitude of 12.5.    
2.1.3 Corrosion of steel rebars embedded in concrete 
The embedded steel bars in sound concrete are initially passivated in the high-alkaline 
concrete environment (pH over 12.5). Alkaline containing in the pore solution of concrete 
promotes a passivative film (i.e., a thin protective oxide film on the rebar surface) that 
keeps steel rebar free from corrosion activity. Under this condition, although concrete is 
permeated by oxygen and water, the corrosion rate is still negligible (Bertolini, 2008). 
However, corrosion on the embedded reinforcements in RC structures can occur when 
the passivative film is removed and broken down. The two primary causes that lead to a 
removal or break-down of the passivative film are: carbonation of concrete and chloride 
penetration. The next two Sections will look into more details of these two causes of 
corrosion. 
Steel corrosion is an electrochemical process in nature which involves the 
passage of electronic charge. According to Ahmard (2003), without an external electrical 
source, an electrochemical reaction can occur in concrete medium since the steel rebar 
itself functions as a mixed electrode (i.e., an area of the steel can serve as anode while 
another adjacent area as a cathode simultaneously) upon which coupled anodic and 
cathodic reactions can occur; whereas the porous concrete which is permeated by water 
and oxygen functions as an aqueous medium for electrical conductivity (see Fig. 6).  
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Fig. 6 Schematic illustration of the corrosion of reinforcement steel in concrete (Ahmad, 2003). 
After the passive film on rebar surface is removed, the two half-cell reactions 
that occur in the corrosion process are widely known as anodic and cathodic half-cell 
reactions. The anodic half-cell reaction refers to the oxidation (dissolution of iron) to form 
ferrous ions (Fe2+): 
Fe → Fe2+ + 2e-     (1) 
The above reaction is balanced by cathodic reaction of oxygen (O2) reduction and then 
forms hydroxyl ions (OH-):              
1/2O2 + H2O + 2e
- → 2OH-    (2) 
Fe(OH)2 can be generated through the combination between hydroxyl ions and ferrous 
hydroxide: 
Fe2+ + 2OH- → Fe(OH)2     (3) 
Fe(OH)2 will be then oxidized to Fe(OH)3 if there is sufficient oxygen: 
4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3     (4) 
From the above equations, it can be seen the diffusion of oxygen and water into the 
concrete means is the main cause of steel corrosion. Therefore, permeability of the 
concrete plays an important role in the electrochemical reaction of steel corrosion in 
concrete. 
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2.1.4 Carbonation-induced corrosion   
Carbonation of concrete is a neutralization of the alkalinity of concrete. It involves a 
process in which carbon from carbon dioxide (CO2) in the atmosphere gradually 
penetrates into concrete medium and decreases its normal pH value over 12.5 to below a 
magnitude of 9. In such an environment, the protective passivative layer is unstable and 
can be removed, allowing corrosion to take place on rebar surface if oxygen and water 
are available at the rebar depth (Heiyantuduwa et al. 2006). It was observed that 
carbonation occurs in RC structures naturally in a relatively slow pace and induces a 
rather uninform corrosion; however, it can inflict damages in an enormous scale. 
According to Papadakis et al. (1989), carbonation of concrete process is presented as 
chemical reactions in the equations below: 
Ca(OH)2 → Ca2+ +2OH−    (5) 
Ca2+ +2OH−+CO2 → CaCO3 + H2O   (6) 
3CaO·2SiO2·3H2O + 3CO2 → 3CaCO3·2SiO2·3H2O (7) 
The reactions of the primary interest are in Eqs. (5)‒(6) where alkaline constituent of 
concrete Ca(OH)2 that is a solid of hydrated cement products reacts with CO2. The 
reaction of C-S-H in Eq. (7) might happen after Ca(OH)2 is depleted (e.g., by pozzolanic 
reaction in concrete made of blended cement). Several factors affect the carbonation depth 
in concrete (e.g., concrete cover, resistivity of concrete, effective diffusion coefficient and 
binding capacity for CO2, curing condition, age, cement type, temperature variation, and 
relative humidity), and different conditions of environmental exposure (sheltered versus 
outdoor and underground versus atmospheric) play an important role in concrete 
carbonation process, Zhou et al. (2015). 
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2.1.5 Chloride-induced corrosion 
Chloride can come from the internal source of concrete itself whose practice is now 
discouraged by the building codes; chloride is used as part of admixture to accelerate 
hydration at early age or as part of mixing sea water under certain unavoidable 
circumstances of limited local resources (Page 1982). However, Chloride-induced 
corrosion from the external source (i.e., sea water and deicing salt) is well recognized as 
a dominant concern for deteriorating RC structures exposed to marine and heavily-
snowing environments. Through times, chloride from sea water or deicing salt gradually 
ingresses into the concrete through its continuity of pore and microcracks in the interfacial 
transition zone. When its centration reaches a critical threshold value, chloride iron 
induces local break downs of the passive oxide film (Gonzalez et al. 1995; Glass et al. 
1997; Ann and Song 2007; Angst et al. 2011). In this way, it is observed chloride generates 
non-uniform corrosion on the steel reinforcement. According to Bentur et al. (1997), the 
process of chloride-induced corrosion can be explained by means of reactions below: 
Fe2+ + 2Cl− → FeCl2     (8) 
Fe → Fe2++2e−      (9) 
O2 + 2H2O + 4 e
- → 4 OH- (10) 
Fe2+ + 2 OH- → Fe(OH)2 (11) 
2 Fe(OH)2 + 1/2O2 + H2O → Fe(OH)3→Fe2O3.3 H2O                                 (12) 
2.2 Corrosion effects on material mechanical properties of RC members 
A number of studies have focused on the corrosion effects on the deteriorating mechanical 
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properties of RC. Several studies (Almusallam 2001; Palsson and Mirza 2002; Zhang et 
al. 2010) reported that the mechanical properties of the corroded rebar are affected by the 
corrosion levels and corrosion pits along the reinforcement. According to Zhang et al. 
(2010), the variation in the cross-sectional areas along a rebar length was the primary 
cause of the reduced nominal strength of the corroded rebar whereas its shortened yield 
plateau and reduced ductility mostly resulted from the stress concentration in the pitting 
corrosion. Another primary mechanical property that is affected by corrosion is the steel-
concrete bond. Previous studies (Al-Sulaimani et al. 1990; Cabrera 1996; Auyeung et al. 
2000; Fang et al. 2004) determined that the bond strength initially increased with 
corrosion levels in the pre-cracking stage, suddenly dropped to a low residual strength 
level due to the corrosion crack, and varied in a small magnitude, even up to a corrosion 
amount of 80%. Based on a comparison study performed by Sæther (2011), a large scatter 
of experimental results in the relationship between the corrosion amount and the bond 
strength was reported due to different test methods (i.e., different specimen and rebar 
sizes, current densities, compressive strengths and concrete cover). 
2.3 Corrosion effects on the structural performance of corroded RC 
members 
Several studies focused on the corrosion effects on the performance of RC structural 
members. Rodriguez et al. (1997) intensively investigated the effects of different types of 
corroded reinforcements (i.e., stirrups, tensile, or compression bars) on the structural 
capacity of corrosion-accelerated RC beams. In addition to the increased deflection and 
crack width in the service limit state and reduced ultimate loads, they also reported a 
change in the beam failure modes from bending to abrupt shear failures due to the 
corrosion pits in the stirrups. According to Castel et al. (2000a, b), the loss in the bending 
stiffness of the corroded RC beams in the service state was primarily attributed to the 
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coupling effects of the loss in the steel cross-section and deterioration in the local steel-
concrete bond due to the corrosion cracking of concrete. Du et al. (2007) reported that the 
reinforcement corrosion increased the ductility of the over-reinforced beams and 
decreased the ductility of the under-reinforced beams; they also noted a risk of tensile 
rebar rupture for under-reinforced beams that had a corrosion level over 10%. 
2.4 Accelerated corrosion test  
In nature, it might take decades to for corrosion to initiate on steel rebars in RC structures. 
Therefore, to study the steel corrosion at a desired corrosion level within a reasonable 
time, an accelerated corrosion test is used to induce significant corrosion on the steel 
reinforcement. The impressed current technique is the most common method used to 
study reinforcement corrosion embedded in concrete although there are other methods 
available (e.g., impressed voltage technique, artificial climate environment, accelerated 
AC impedance technique, and accelerated chloride migration test). A large number of 
researches have been conducted using the impressed current technique to study the 
corrosion effects on the cracking of concrete cover (Alonso et al. 1998), bond behavior 
(Al-Sulaimani et al. 1990), and load-bearing capacity (Rodriguez, 1997) of reinforced 
concrete members.  
The impressed current technique is conducted by supplying a constant current 
from a direct current (DC) power supply to the steel rebars embedded in concrete in order 
to provide significant corrosion in a short period of time. During the accelerated corrosion 
test, the reinforcing steel functions as the anode while the counter electrode (e.g., external 
copper plate and stainless steel plate) serves as the cathode. The current is impressed from 
the counter electrode to the rebar embedded in concrete with the help of the electrolyte 
(normally 3% or 5% sodium chloride solution). The applied current is varied on basis of 
the surface area of anode so that a constant applied current density can be achieved. 
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Fig. 7 illustrates the test set-up of accelerated corrosion test of reinforcement. 
The RC beams are partially immersed in a solution contains 5% of NaCl in the tank (Azad 
et al., 2007). The embedded steel reinforcement in the concrete that serves as anode is 
connected to the positive charge of DC (direct current) power supply while stainless steel 
plate that serves as cathode is connected to the negative charge of DC power. Anode, 
cathode and electrolyte constitute a closed circuit.  
 
 
Fig. 7 Test set-up for accelerating corrosion of the steel rebars in the RC beam (Azad et al. 2007). 
2.5 Study of spatial steel corrosion: destructive versus non-destructive 
monitoring method  
Recently, more attentions have been paid on the study and modeling of spatial steel 
corrosion using experimental data obtained from the accelerated-corrosion RC members 
in the laboratory. It is anticipated that the statistical data of spatial steel corrosion obtained 
from the experimental tests in the laboratory can be used to together with the inspection 
or observation data from the in-situ structures in order to improve the accuracy of the 
estimation of the magnitude and variability of steel corrosion in the real structure and its 
long-term performance. Hence, it is important to develop monitoring methods which 
enables the study of how the steel corrosion varies and changes in space and time.  
The common methods used in the literatures to study the spatial steel corrosion 
at different times of corrosion is described as follows. First, RC members were corroded 
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(a) Three-dimensional scanner  
 
(b) 3D scanned versus actual morphology of corroded rebar 
Fig. 8(a) Three-dimensional laser scanner and (b) 3D scanned versus actual morphology of 
corroded rebar (Zhang et al. 2014). 
 
to obtain a various steel corrosion amounts at different corrosion times. After that, the 
destructive method is commonly used by severally breaking RC specimens to retrieved 
samples of corroded rebar for measuring their weight (Kashani et al. 2013a; Alonso et al. 
1998; Vidal et al. 2004) or scanning the morphology of the retrieved corroded rebars with 
a 3D optical scanning tool, see Fig. 8, (Kashani et al. 2013b; Zhang et al. 2014).  
However, because these methods require certain specimens to be demolished to 
study the evolution of steel corrosion, they may be error-prone due to the difficulty in 
repeating the same experimental conditions and other uncertainties (e.g., different 
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corrosion cracking patterns and locations of steel corrosion). 
In concrete engineering, X-ray technology has been used as a non-destructive 
method to visualize and investigate steel corrosion in concrete structures. Beck et al. 
(2010) used X-ray computer tomography to examine the surface of a very small steel 
cylinder (9 mm in diameter and 10 mm long) at various stages of corrosion inside a mortar 
specimen. The reported difference between the mass loss, which was determined using 
the constructed 3D X-ray tomography image, and the actual mass loss after breaking the 
40–60%. Akiyama and Frangopol (2013) demonstrated that the X-ray apparatus was a 
specimen was suitable tool for continuously investigating the weight loss of a corroded 
rebar that was embedded in a cylinder (100 mm × 200 mm) and a prism (100 mm × 100 
mm × 400 mm). A digital image analysis based on the X-ray radiography of the shape of 
a corroded rebar from different viewing angles was used to determine the steel weight 
loss. The difference between the calculated steel weight loss based on the digital image 
analysis of the X-ray photogram and the measured value after damaging the specimen is 
only about 10%. This monitoring technique allows the study of spatial steel corrosion at 
different times of corrosion.  
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Chapter 3: Experimental program  
3.1 Overview of experimental plan 
An experimental plan is established to study the effects of W/C ratio and stirrups on the 
spatial steel weight loss and corrosion cracking. To achieve these goals, five RC beams 
were fabricated and divided into two groups. The details of the specimens are shown in 
Table 1 and Fig.9. For the first group, specimens I-1, II-1 and II-2 were produced with 
W/C ratios of 50, 40 and 65%, respectively. The second group consists of specimens I-1, 
III-1 and III-2. Specimens I-1 and III-2 have stirrup spacings of 100 and 165 mm, 
respectively, whereas specimen III-1 has no stirrups. For the compressive strength test, 
six cylinders (100 mm × 200 mm) were also produced for each concrete mixture. 
The experimental procedure is as follows. The corrosion of  embedded 
longitudinal rebar was accelerated via the electrochemical technique. At specific time 
intervals prior to performing the X-ray radiography, the crack widths were recorded by 
obtaining images of surface cracking on the bottom of the beams. X-ray radiography was 
performed once before the steel corrosion initiated and several times to capture  
Table 1. Details of test specimens 
Notation  Cross-section  Span length  Bar diameter  Cover   W/C  Stirrup 
  (mm)  (mm)  (mm)  (mm)  (%)   
I-1  140 × 80  1460  13  20  50  DB6@100* 
II-1  140 × 80  1460  13  20  40  DB6@100 
II-2  140 × 80  1460  13  20  65  DB6@100 
III-1  140 × 80    1460   13  20  50  - 
III-2  140 × 80  1460  13  20  50  DB6@165 
* Deformed bars with a diameter of 6 mm arranged in intervals of 100 mm 
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 (a) Beams I-1, II-1, and II-2 
  
 (b) Beam III-1 
  
 (c) Beam III-2 
Fig. 9. Details of the test beams 
 
photograms of the developing morphology of the non-corroded and corroded rebars from 
different viewing angles. These photograms were used in the digital image processing to 
estimate the steel weight loss. 
3.2 Materials and mix-proportion of concrete 
All specimens were fabricated using identical material constituents. Ordinary Portland 
cement with a specific density of 3.16 g/cm3 was used. The fine aggregate has a fineness 
modulus of 2.64 and a specific density of 2.60 g/cm3. The coarse aggregate has a 
maximum size of 20 mm (Gmax ≤ 20 mm) and a specific density of 2.64 g/cm3.    
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Table 2. Mixing proportion of concrete 
Notation  Gmax  W/C  s/a**  Water  Cement  FA†  CA††  AE*** 
 (mm)  (%)  (%)  (kg/m3)  (kg/m3)  (kg/m3)  (kg/m3)  (ml/m3) 
I-1  20  50  44.3  181  362  754  961  2715 
II-1  20  40  42.3  178  445  694  961  3338 
II-2  20  65  47.3  185  285  829  940  2138 
III-1 & III-2  20  50  44.3  181  362  754  961  2715 
** Fine aggregate ratio  
*** Air entranced agent 
†Fine aggregate 
††Coarse aggregate 
 
A deformed rebar with a diameter of 13 mm (DB13) was used as the longitudinal rebar, 
and deformed rebars with a diameter of 6 mm (DB6) were used as stirrups. All rebars 
were of the same steel quality grade, SD345. The details of the concrete mixing 
proportions are shown in Table 2. 
3.3 Specimen fabrication procedure 
The same fabrication procedure was performed for all the specimens. When used, the 
stirrups were wrapped with vinyl tape to prevent direct contact with the longitudinal rebar. 
The stirrups were arranged at the shear span to prevent abrupt shear failure during the 
corrosion process. Before pouring the concrete, electrical wire was tied to one end of the 
steel reinforcement. Two days after fabrication, the mould was stripped off from the 
specimens, and the specimens were cured in water in a 23–25 °C room for 28 days.  
3.4 Accelerated-corrosion test 
After the specimens were cured, the steel corrosion process was initiated using the 
electrolytic technique. The detailed assembly of the electrolytic experimental test is 
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Fig. 10 Electrolytic experimental test setup. 
 
shown in Fig. 10. The RC specimen was placed on two pieces of supporting timber and 
partially immersed in a 3% sodium chloride (NaCl) solution in a tank in a controlled 
environment at 23–25 °C. The external copper plate, which is placed under the supporting 
timbers below the specimen, served as the cathode; the embedded rebar inside the 
specimen served as the anode. To ensure that the tests could be completed within a 
reasonable timeframe, the total impressed current was adjusted for each specimen to 
maintain the same current density (i.e. 1000 μA/cm2) to pass over the surface of the rebar. 
The accelerated corrosion process proceeded until the accumulated current time reached 
approximately 620 h (i.e. about 25 days). 
3.5 Surface crack width measurement 
The external surface cracks that occurred along the bottom of the specimens at various 
steel weight losses were imaged by a digital camera before X-ray radiography was 
performed. The location of the captured images corresponds to that of the captured X-ray 
image, i.e. 250–1090 mm from the left side of the specimens. This required seventeen 50-
mm-long images to be continuously obtained along the bottom of the specimens. Note 
that in this experimental study, the visual longitudinal corrosion cracking occurred only 
at the bottom of the corroded beams. Crack width measurements on the photographs were 
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continuously performed every 5 mm until a distance of 1090 mm was reached using an 
advanced image analysis programme. 
3.6 X-ray photogram acquisition procedure 
Using the X-ray configuration in Fig. 11, images of the non-corroded and corroded areas 
of the rebar inside the specimen were captured from different viewing angles once before 
the initiation of corrosion and several times during the corrosion process at various steel  
 
 
Fig. 11 X-ray imaging setup at Material Engineering Laboratory, Waseda University. 
 
Fig. 12 Total steel bar length captured by the X-ray apparatus (all dimensions are in mm). 
X-ray generator Image intensifier 
Manipulator 
RC beam 
Operator panel 
PC 
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Fig. 13 Top view of the specimen setup and views of the steel bar at different angles associated with 
the rotation of the RC specimen. 
 
weight losses. Images of the rebar from 12 viewing angles (i.e. 0°, 30°, 60°, 90°,120°, 
150°, 180°, 210°, 240°, 270°, 300° and 330°) were recorded. At each angle, the total 
length of the rebar imaged by the X-ray apparatus was 840 mm. Fourteen 60-mm-long 
images were consecutively captured (see Fig. 12). The X-ray radiography procedure used 
to acquire the photograms consists of two main steps, as described below. The first step 
is setting the specimen in an appropriate position. The specimen was placed on a 
manipulator located between the X-ray intensifier and generator in the X-ray chamber. 
This manipulator was used to translate and rotate the specimen into the desired positions 
via the operation panel. The specimen was first rotated to θ1 = 0° and horizontally adjusted 
into the position where the centre of the embedded rebar was aligned with the middle 
point of the X-ray source outlet. This setting fixes the centre of the rebar as the centre 
point of rotation of the specimen, as indicated in Fig. 13. In the vertical direction, the 
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specimen was then shifted up or down relative to the X-ray radiation source to obtain the 
starting position of 370 mm from the base of the specimen on the computer screen. After 
setting up the specimen, radiography images were acquired by attenuating the primary X-
ray beam with materials of different densities and thicknesses. The chosen power and 
current settings for the X-ray radiography are functions of the source-to-specimen 
distances and concrete thicknesses when the specimen is rotated to different viewing 
angles: 120 kV, 1.2 mA for viewing angles of 0°, 30°, 60°, 120°, 150°, 180°, 210°, 240°, 
300°, and 330° and 145 kV, 1.2 mA for viewing angles of 90° and 270°. Starting from a 
known position at 370 mm from the base of the specimen and a viewing angle of θ1 = 0°, 
the RC specimen is vertically translated 14 times in increments of 60 mm relative to the 
radiation cone beam supplied by the X-ray generator. The radiation penetrates the RC 
specimen for visualisation, and the attenuated X-ray radiation detected by the image 
intensifier reveals the composition details of various densities. After the attenuated X-
rays are converted into visible light on a fluorescent screen, an equipped charge-coupled 
device camera unit, whose capture command is linked to and controlled by a software 
program, is used to capture and store the light intensity as digital values. These digital 
values comprise a 1024 × 768-pixel greyscale image. The same process was performed 
repeatedly to capture images from the remaining viewing angles. The viewing angles of 
0°, 30°, 60°, 90°,120°, 150°, 180°, 210°, 240°, 270°, 300° and 330° refer to those rebar 
views at which the specimen was rotated to angles θ1, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θ9, θ10, θ11 
and θ12, respectively (see Fig. 13). 
3.7 Beam bending test 
At the end of the experimental procedure, a four-point beam bending test was conducted 
by applying loads at two symmetric points on the beam as indicated in Fig. 9. The 
recorded test items are the applied load P and the mid-span displacement δ which was 
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measured by a dial gauge placed under the mid-span of the beam. Before the bending test, 
a system of grid lines was marked on one side surface of the beams. During the test, the 
load was applied slowly so that the tracing and marking tasks of the cracking paths and 
the then-measured loads could be conveniently performed on one side surface of the 
beams. The load was applied until the beam collapsed (e.g., by the concrete being crushed 
or the reinforcement being ruptured). At several damaging stages, the evolution of the 
cracking patterns was recorded by photographing the cracking patterns on one side 
surface of each beam.  
3.8 Estimating procedure of steel corrosion  
3.8.1 Image enhancement  
Some of the 60-mm-long images of the original rebar that were captured using the X-ray 
apparatus before corrosion are shown in Fig. 14. In general, the original images at 0° and 
180° provide the clearest views, followed by images at 30°, 150°, 210° and 330° and then 
by images at 90° and 270°, respectively. The worst images are those at 60° and 330°. This 
ordering is a result of the differences in the thickness of the concrete composite penetrated 
by the X-ray radiation during the image capturing for a particular specimen rotation angle. 
For example, at 0° and 180°, the specimen is in a favourable position, as the concrete 
thickness encountered by the X-ray radiation is only 80 mm, providing a notably clear 
image. In contrast, at 90° and 270°, the angle is unfavourable, as 140 mm of concrete is 
penetrated by the X-ray radiation. 
Furthermore, the post-corrosion image at the viewing angle of 0° in Fig. 15(a) 
illustrates the shape of the corroded rebar at a mean steel weight loss of 8.79%, which 
corresponds to that of non-corroded rebar in Fig. 14(a). However, although the image at 
this angle provides the clearest view, it remains difficult to carefully examine the 
corrosion products or decayed shape of the rebar. In Fig 15(b), for the image after 
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enhancement, the corrosion products and decayed shape of the corroded rebar can be 
more easily identified.  
Therefore, it is necessary to enhance the image before the analysis to readily 
obtain detailed information from the image. In the enhancement process, the fine details 
of the image were revealed or the blurred regions were reduced using Image-Pro Plus 
software version 7.0 of Media Cybernetics, Inc. (2012) to accentuate the intensity changes 
and make the high-contrast edges visible. Visualising the high-contrast edges between the 
rebar and concrete composite allows the area shapes of the concrete composite and rebar 
to be easily distinguished, which is important for determining the area of the corroded 
rebar to estimate the steel weight loss. 
 
     
(a) Angle 0°  (b) Angle 30° (c) Angle 60° (d) Angle 90° (e) Angle 150° 
     
(f) Angle 180°  (g) Angle 210° (h) Angle 300° (i) Angle 270° (j) Angle 330° 
Fig. 14 Ten X-ray images of the original steel bar obtained at different viewing angles. 
 
34 
 
   
(a) Before enhancement  (b) After enhancement   
Fig. 15 X-ray images of a corroded steel bar at 0° with a mean steel weight loss of 8.79% (a) before 
and (b) after enhancement.  
3.8.2 Estimation of steel weight loss by digital image processing 
To estimate the steel weight loss using the X-ray photograms, the area of the original 
rebar before corrosion and that of the corroded rebar at a given time during the corrosion 
process need to be determined. At each 8 viewing angles, the two types of rebar areas are 
determined through the digital image analysis of X-ray photograms (i.e., a manipulation 
of the stored digital data of the image in terms of numerical representations of pixels). 
Note that only X-ray images from 8 viewing angles (i.e., θ1 = 0°, θ2 = 30°, θ4 = 90°, θ6 
=150°, θ7 = 180°, θ8 = 210°, θ10 = 270°, and θ12 = 330°) were used for estimating the steel 
weight loss along the corroded bars because: (1) the time-consuming and laborious works 
involved in digital image analysis of considerably large amount of data and (2) a good 
accuracy of steel weight loss estimation could be obtained which will be presented in the 
next section.  
In this paper, the acquired X-ray photograms are 8-bit grayscale images with 
1024 × 768 pixels. The grayness levels of the pixels are numerically represented by 256 
intensity values ranging from 0 for completely black to 255 for completely white. This 
numeric representation enables the image software to distinguish pixels of different colors. 
Because the reinforcing rebar is denser than the concrete composite or corrosion product, 
 
 
 
Corrosion product  
Corroded shape 
Vynil tape 
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it absorbs the X-ray radiation most efficiently. Thus, the rebar always produces the darkest 
pixels with the lowest intensity range compared to the concrete composite and corrosion 
product in the images. Fig. 16 illustrates the profiles of the intensity values for a row of 
pixels that corresponds to a line drawn on each of the above X-ray photograms. All the 
profile lines show that the intensity values of the rebar at 0°, 30°, and 90° in the middle 
part of each graph are always lower than those of the corrosion products located close to 
the corroded rebar and the concrete in the left- and right-hand sides of the graphs. This 
finding also holds for the images of other viewing angles, as the X-ray images captured 
at 0° and 180°; 30°, 150°, 210°, and 330°; and 90° and 270° are very similar (see Fig. 14).  
Therefore, by manipulating the intensity values of the pixels of the rebar, the 
total number of pixels below a minimum threshold of intensity values that represent the 
area of rebar alone can be selected, counted, and classified using the image processing 
software. To facilitate the analysis of the digital data of the image, the 60-mm-high image 
of all viewing angles is sliced into twelve 5-mm-high images (see Figs. 17(a) and (b)). 
The height of 5 mm of image is chosen since this length is small enough for the human 
eyes to easily control and perform the area segmentation between the corrosion product 
and steel rebar in order to obtain a high accuracy of estimated steel weight loss which will 
be discussed later on in the next Section. Figs. 18(a) and (b) present histograms of the 
accumulated numbers of pixels classified by intensity values for the 5-mm images of the 
non-corroded and corroded rebars in Figs. 17 (a) and (b), respectively. The histograms 
explicitly show that the total number of pixels of a selected intensity threshold of 0-62 is 
8,723 for the non-corroded rebar area, greater than the corresponding value of 8,449 
pixels of a selected intensity threshold of 0-59 for the corroded rebar area. After the 
number of pixels of non-corroded and corroded rebar was determined, the total area was 
obtained by multiplying the number of pixels by the unit area per pixel as follows:  
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where
n
A  and nA '  are the areas of the original rebar before corrosion and the corroded 
rebar at each viewing angles, respectively; θn denotes the viewing angles in which the 
subscript n = {1, 2, 4, 6, 7, 8, 10, 12};
n
P and nP ' are the number of pixels of the area of 
the original rebar and corroded rebar, respectively, at any of n viewing angles; and Ap is 
the unit area (in millimeter square per pixel) in the image. The volume of the rebar before 
and after corrosion can then be calculated as follows: 
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Where 
n
V and nV ' are the volumes of the original and corroded rebars, respectively, at a 
viewing angle θn; and L is the length of the rebar, which is 5 mm herein. The steel weight 
loss per length L (mm) of the rebar is determined by taking the average of each value of 
the steel weight loss for each viewing angle as follows: 
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where Rw is the steel weight loss in percentage (%) per length L (mm) of rebar, θn denotes 
the viewing angles in which n = {1, 2, 4, 6, 7, 8, 10, 12}, and k is the number of viewing 
angles (k = 8 for the 8 different viewing angles studied here). 
 It is worth noting that since the 2D projected longitudinal areas of rebars of X-
ray images are different along the rebar length at different viewing angles due to the 
presence and absence of ribs as shown Figs. 16 (a) to 16(c), the rebar weight per unit 
length of 5 mm along a bar length is not the exactly the same. This problem seems to 
hinder a good accuracy of this estimation method. Nevertheless, as mentioned earlier, this 
method focuses on estimating the average steel weight loss per 5 mm for 8 different 
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 (a) Angle 0°   
 
 (b) Angle 30°   
 
 (c) Angle 90°   
Fig. 16 Profiles of the intensity values for a row of pixels in the X-ray photograms at three different 
viewing angles. 
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(a) Non-corroded steel bar at MRw = 0.00% (MRw is the global average steel weight loss)   
 
(b) Corroded steel bar at MRw = 6.05% (MRw is the global average steel weight loss)   
Fig. 17 Sliced 5-mm-high X-ray photograms in (a) non-corroded steel bar at MRw = 0.00%, and (b) 
corroded steel bar at MRw = 6.05%. 
 
 
 (a) Non-corroded steel bar at MRw = 0.0% 
 
 (b) Corroded steel bar at MRw = 6.05% 
Fig. 18 Histograms of the accumulated number of pixels classified by intensity values for the steel 
bars in Figs. 17(a) and 17(b). 
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viewing angles in percentage using the longitudinal areas of corroded and original bars 
from X-ray image. In the estimation procedure, the longitudinal areas of corroded and 
original rebars were compared at same viewing angle and location. In this consistent way 
over the length of rebar, it means the area of corroded rebar with ribs is compared to that 
of original rebar with ribs at the same location and viewing angle, and the same thing 
applies to the corroded and original rebars without ribs at other viewing angles and 
locations; and finally, the result of weight loss is obtained by averaging the weight loss 
determined form every 8 viewing angles. Therefore, using this consistent way of 
comparison between original and corroded rebars at the location with rib and without ribs, 
it can be said the error associated with the ribs is not significant. This can be proved as 
the high accuracy of the estimated steel weight loss is confirmed, as discussed in the next 
Section. 
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Chapter 4: Experimental results 
4.1 Accuracy of the estimated steel weight loss using X-ray images 
After the completion of all the tests, the concrete specimens were demolished to retrieve 
the samples of corroded rebars. Next, all the rebars were immersed in a water tank 
containing 10% diammonium hydrogen citrate solution for 24 hours to remove the 
corrosion products, and the weights of the corroded rebars were then measured using a 
laboratory digital scale. Table 3 lists the comparison of estimated and measured steel 
weight loss. 
Table 3. Estimated weight loss versus actual measured weight loss. 
Specimens  
Estimated 
weight loss 
 
Actual weight 
loss 
 
Absolute 
difference 
  (%)  (%)  (%) 
I-1  19.65  16.63  3.02 
II-1  16.97  13.71  3.26 
II-2  23.18  20.62  2.56 
III-1  27.23  24.48  2.75 
III-2  25.54  22.51  3.03 
 
Note that the differences between the steel weight losses estimated using the 
digital image analysis and the actual measured steel weight losses are approximately 3%. 
This result demonstrates the good accuracy of the present estimation method for steel 
weight loss. The weight losses quantified via the X-ray images appear to be higher than 
the actual measured amounts, indicating that the employed X-ray method marginally 
overestimates the actual measured weight loss of embedded rebars in RC members. One 
possible cause of the overestimation is the inability of the projected 2-D X-ray images to 
provide information about pit corrosion on the rebar surface. Consequently, the estimated 
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cross-section areas based on the projected areas of the rebar using the X-ray image are 
slightly higher than those based on the actual areas of rebars embedded in the RC beams. 
4.2 Behavior of spatial variability associated with steel weight loss and 
crack width 
Fig. 19 illustrates the continuous spatial growth of the steel corrosion visualized using the 
X-ray technique and the propagation of longitudinal corrosion cracking at the bottom of 
the beams at different stages of corrosion. Comparing the X-ray images and photographs, 
it is found that the steel weight loss Rw occurs gradually and at locations near the areas 
exacerbated by the longitudinal surface crack widths Cw. These weight loss locations are 
noticeable at some of the locations of the arranged stirrups and in the center of the span. 
Figs. 20-24 show the spatial distribution of the steel weight loss Rw and surface 
crack width Cw at their corresponding locations along beams I-1, II-1, II-2, III-1, and III-
2, at various global average steel weight losses (MRw). Note that because Rw could not be 
obtained at the locations of the arranged stirrups, there are regular gaps in the graphs at 
both of the shear spans, from 250 to 610 mm and from 850 to 1090 mm, except for 
specimen III-1, which had no stirrups. In general, it can be observed that Cw increases as 
Rw increases. The distribution of Rw and Cw at various stages of steel corrosion is 
spatially non-uniform because Rw and Cw fluctuate erratically along the specimens. The 
non-uniformity of Rw and Cw becomes increasingly prominent with increasing MRw and 
MCw.  
In Fig. 25, the standard deviations of Rw and Cw indicate that the distributions 
of Rw and Cw increasingly diverge from their means as MRw and MCw increase. This 
can be interpreted as the spatial variability in Rw and Cw becoming increasingly large as 
the steel weight loss and crack width increases. Yamamoto et al. (2011) who studied the 
distribution of steel weight loss along the corroded bar using a great number of corroded 
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(a) MRw = 0.68%  
 
(b) MRw = 2.60% 
 
(c) MRw = 6.05% 
 
(d) MRw = 8.77% 
 
(e) MRw = 14.21% 
 
(f) MRw = 19.68%  
Fig. 19 Spatial growth of the steel weight loss and corrosion cracking of specimen I-1 for six 
different values of MRw.  
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RC beams also reported the same behavior that the non-uniform degree of steel cross-
section losses of the corroded reinforcement increases with the corrosion loss. The cause 
of this larger spatial variability might result from the greater contribution of the larger 
surface cracks to the increase of Rw. When chloride penetrated from outside, corrosion 
cracking allowed much higher concentration of chloride to reach the rebar surface more 
easily, according to Andrade et al. (1993).  
On the other hand, the maximum steel weight loss Rw,max and crack width 
Cw,max, which are denoted by square symbols in the graphs, do not usually occur at the 
corresponding locations. Several maxima of Rw, denoted by square symbols in the graphs, 
and other peaks (not maximum points) of Rw occur close to the locations of the stirrups 
(i.e., approximately at 300 mm, 400 mm, 500 mm, 600 mm, 860 mm, 960 mm, and 1060 
mm) for specimens I-1, II-1, and II-2 in Figs. 20(a), 21(a) and 22(a). This is probably due 
to the fact that the thinner concrete covers at the locations of the installed stirrups expose 
the longitudinal rebar to chloride and thus cause it to corrode more quickly than the rebar 
at other locations. As a result, it can be confirmed from Fig. 19 that the locations of initial 
crack that was induced by the steel corrosion products occur at the locations of stirrups. 
 The locations of the peaks often shift depending on the mean values. For 
example, the Rw,max of specimen I-1 is located at approximately 580 mm at MRw of 
0.68% and 2.60% but shifts to approximately 490 mm at larger values of MRw. However, 
Fig. 20(a) and (b) show that some peaks of Rw and Cw also occur at approximately the 
same locations, namely, 310, 490, 610, and 730 mm. This finding emphasizes the 
influence of steel weight loss on the increase in crack widths at corresponding locations 
along the specimen. 
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 (a) 
  
 (b) 
Fig. 20 Spatial distribution of the (a) steel weight loss and (b) surface crack width of beam I-1. 
 
 
0
10
20
30
40
250 310 370 430 490 550 610 670 730 790 850 910 970 1030 1090
S
te
el
 w
ei
g
h
t 
lo
ss
, 
R
w
(%
)
Distance from the left edge of I-1(mm)
0.68% 2.61%
6.05% 8.79%
14.20% 19.65%
Locatoin of max Rw
0
1
250 310 370 430 490 550 610 670 730 790 850 910 970 1030 1090
C
ra
ck
 w
id
th
, 
C
w
(m
m
)
Distance from the left edge of I-1(mm)
0.68% 2.61%
6.05% 8.79%
14.20% 19.65%
Location of max Cw
45 
 
 
 
 
 (a) 
 
 (b) 
Fig. 21 Spatial distribution of the (a) steel weight loss and (b) surface crack width of beam II-1. 
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 (a) 
 
 (b) 
Fig. 22 Spatial distribution of the (a) steel weight loss and (b) surface crack width of beam II-2. 
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 (a) 
 
 (b) 
Fig. 23 Spatial distribution of the (a) steel weight loss and (b) surface crack width of beam III-1. 
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 (a) 
 
 (b) 
Fig. 24 Spatial distribution of the (a) steel weight loss and (b) surface crack width of beam III-2. 
 
 
0
10
20
30
40
50
60
70
250 310 370 430 490 550 610 670 730 790 850 910 970 1030 1090
S
te
el
 w
ei
g
h
t 
lo
ss
, 
R
w
(%
)
Distance from the left edge of III-2 (mm)
1.79% 3.11%
6.60% 10.46%
16.26% 25.54%
Locatoin of max Rw
0
1
2
250 310 370 430 490 550 610 670 730 790 850 910 970 1030 1090
C
ra
ck
 w
id
th
, 
C
w
(m
m
)
Distance from the left edge of III-2 (mm)
1.79% 3.11%
6.60% 10.46%
16.26% 25.54%
Locatoin of max Cw
49 
 
 
  
(a) (b) 
Fig. 25 Relationship between the standard deviations and mean values of Rw and Cw. 
4.3 Trend of steel weight loss and crack widths 
In addition to the previously mentioned non-uniform behaviors of the spatial distributions 
of Rw and Cw, a trend is consistently observed among the graphs in Figs. 20-24. Although 
the spatial variabilities of Rw and Cw increase as their mean values increase, it is worth 
noting that their erratic shapes tend to have a clear trend as MRw exceeds approximately 
5%. For example, in Fig. 20(a) for specimen I-1, the spatial distributions of Rw at different 
MRw of 8.79%, 14.20%, and 19.65% seem to increase, following a very similar 
fluctuating pattern to the previous distributions of Rw at MRw = 6.05%. The spatial 
distributions of Rw in Figs. 21(a), 22(a), 23(a), and 24(a) also exhibit a similar spatial 
growth behavior as MRw increases beyond 5%. Similarly, the fluctuating pattern of the 
distribution of crack widths in Figs. 20(b), 21(b), 22(b), and 24(b) seems to follow the 
same trend as MRw exceeds 0.5%; however, the trend of the spatial distribution of crack 
widths appears to be weaker than that of Rw. 
With respect to this behavior, a strong relationship can be found between the 
standard deviation and differences between the maximum and minimum values of steel 
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corrosion (Rw,max  Rw,min) and crack widths (Cw,max  Cw,min), as shown in Figs. 26 
and 27. The significant merit of this relationship is that it might be possible to estimate 
the spatial variability of Rw and Cw between two different points if the maximum and 
minimum values of Rw or Cw between these points can be determined via in situ  
  
Fig. 26 Relationship between the standard deviation and the difference between Rw,max and 
Rw,min. 
 
Fig. 27 Relationship between the standard deviation and the difference between Cw,max and 
Cw,min. 
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inspection. Due to this consistent spatial growth trend, it might be preferable to estimate 
the distribution of steel corrosion of RC members using the inspection results of steel 
corrosion from the in situ structure when the mean steel weight loss exceeds 5%. 
4.4 Effect of water-to-cement ratios on spatial variability in steel corrosion 
Fig. 28 shows the increase in the means of Rw and Cw as a function of corrosion time for 
specimens with different W/C ratios. From Fig. 28(a), because the trend lines of the three 
specimens exhibit similar behavior, there appears to be no obvious effect of W/C ratios 
on the growth of steel corrosion. Fig. 28(b) shows the effects of different W/C ratios on 
the surface crack widths. It can be seen that the crack widths of the specimens with W/C 
ratios of 40% grew more quickly than those with W/C ratios of 50% and 65%. Therefore, 
the crack widths of specimens with lower W/C ratios tend to grow more quickly than 
those with higher W/C ratios. These results are in agreement with the findings of Alonso 
et al. (1998). There is a delay in the increase of the crack widths for specimens with higher 
W/C ratios, which have greater porosity to accommodate the corrosion product and 
reduce the internal pressure. 
 
   
 (a) (b) 
Fig. 28 Effects of W/C ratios on the development of (a) steel corrosion and (b) crack width. 
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 (a) (b) 
Fig. 29 Effects of stirrups on the development of (a) steel corrosion and (b) crack width. 
4.5 Effect of stirrups on spatial variability in steel corrosion 
Fig. 29 shows the effects of stirrups on the development of steel corrosion and crack 
widths for the beams exposed to approximately the same amount of accumulated current. 
Figs. 29(a) and (b) indicate that the steel corrosion and surface crack width of the 
specimen having no stirrups (i.e., III-1) increase more quickly than those of other 
specimens having stirrups (i.e., I-1 and III-2). For the steel corrosion of the specimens 
having stirrups, Fig. 29(a) shows that the longitudinal rebar of specimen III-1, with a 
stirrup spacing of 165 mm, is corroded more quickly than that of specimen I-1, with a 
stirrup spacing of 100 mm. Thus, decreasing the stirrup spacing or increasing the number 
of stirrups slows the steel corrosion. In Fig. 29(b), because the mean crack width of 
specimen I-1 increases more quickly than that of specimen III-2, one can conclude that 
increasing the number of stirrups might accelerate the growth of crack widths. 
4.6 Relationship between steel weight loss and corrosion crack width 
The graphs in Figs. 30-34 show the relationships between the steel weight loss and the 
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surface crack widths at their corresponding locations for all the specimens. Generally, the 
scattered points are increasingly highly dispersed with increasing MRw. Therefore, the 
relationship between Rw and Cw weakens significantly at higher MRw. However, it is 
also found that the steel weight loss increases with increasing crack width. Especially in 
the initial part of the corrosion process, up to a crack width of about 0.3 mm, both the 
steel weight loss and crack width appear to be linearly related for all the specimens.  
This result is inconsistent with previous findings reported in the literature. For 
example, Vidal et al. (2004) found a linear approximation between the two parameters for 
the RC specimens with corrosion crack widths of about 1 mm, which is similar to the 
finding by Alonso et al. (1998) although these authors reported that the scatter of their 
relationships increased with the corrosion crack width and became significant as the crack 
width was over 1 mm. This inconsistency might be caused by the differences in the 
experimental procedure such as the magnitude of current density to corrode the specimens. 
Further research is needed to investigate the effects of the current densities, structural 
details, and concrete qualities on the relationship between the steel weight loss and crack 
width.  
 
 
Fig. 30 Relationship between the steel weight loss and crack width of specimen I-1. 
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Fig. 31 Relationship between the steel weight loss and crack width of specimen II-1. 
 
 
 
Fig. 32 Relationship between the steel weight loss and crack width of specimen II-2. 
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Fig. 33 Relationship between the steel weight loss and crack width of specimen III-1. 
 
 
Fig. 34 Relationship between the steel weight loss and crack width of specimen III-2. 
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4.7 Effect of spatial variability of steel corrosion on cracking behavior of 
RC beams  
Using the grid line system and photographs of the crack growth at several damaging 
stages, the cracking patterns on one side surface of the beam could be determined. To 
investigate the structural behavior of each beam with different corrosion damages, graphs 
of the spatial variability in the steel weight loss and surface crack widths, including the 
X-ray image of the steel corrosion and photograph of the corrosion cracking, are provided 
along with an illustration of the cracking pattern in Figs. 35-39. Figs. 35b, 36b, 37b, 38b, 
and 39b indicate that each beam has a very different spatial distribution of steel weight 
loss over its rebar length although they were all corroded under similar conditions. It is 
well-known that the spatial variability of steel corrosion is caused by a number of 
parameters (e.g., randomness in concrete material and steel reinforcement properties, 
concrete cover, cracks, workmanships, etc.) which are very difficult to control or measure. 
Consequently, very different corrosion patterns of the reinforcing rebars were found in 
the RC structures or members under both exposed conditions of natural corrosion 
(Palsson and Mirza 2002; Akiyama et al. 2016) and accelerated corrosion (Kashani et al. 
2013, Zhang et al. 2014). However, for small-size beams in this controlled experiment, it 
is more likely that the randomness of concrete properties (e.g., different distributions of 
voids at the interfacial zones between the steel surface and concrete, as reported in Page 
(1975) and Page (1982) might be the cause to induce different spatial variability in steel 
weight loss from one beam to another. 
The cracking pattern of the beam I-1 in Fig. 35(a) depicts a flexural failure mode. 
During the loading test at approximately P = 13.5 kN, it was observed that two cracks at 
580 mm and 610 mm widened rather quickly, causing the deflection to accelerate. As the 
load increased to 15.4 kN, another crack widened approximately at 740 mm prior to the 
concrete being crushed. By comparing Figs. 35(a), 35(b) and 35(c), it can be noted that 
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these three localized cracks occurred close to the local maxima of the steel weight loss 
(i.e., Rw of 26.06%, 30.59%, and 26.93% at 580 mm, 620 mm, and 760 mm, respectively) 
and the corrosion cracks (i.e., Cw of 0.80 mm and 1.05 mm at 600 mm and 740 mm, 
respectively). These results strongly suggest that the corroded reinforcement had strain 
localizations and yielded at the corrosion pits of these local maxima, thus causing onset 
cracks, a rapid shift in the neutral axis to the top, and the crush of concrete.  
The cracking behavior of the beam II-1in Fig. 36(a) indicates that this beam also 
failed in flexure. It can be noted that the beam only had a few cracks, which were clearly 
dominated by a large longitudinal splitting crack alongside the embedded rebar in the 
mid-span. At a load P of approximately 16 kN, the splitting crack widened rather quickly 
and caused the deflection to accelerate, which suggests that the reinforcement yielded. 
Then, the concrete was crushed at approximately P = 19 kN. The large splitting crack 
implies a severe bond loss within the loading span, which is partly due to the lowest 
confinement of the largest stirrup spacing in this region and partly due to the remarkable 
loss of the rebar ribs and large cover cracking (i.e., over 1.79 mm) at the bottom side from 
650 mm to 1030 mm, as indicated in Figs. 36(b) and 36(c). The effects of the confinement 
levels and cracking on the bond performance of the corroded RC members have been 
reported in previous studies (Fang et al. 2006; Lundgren 2007). 
 The cracking pattern of the beam II-2 is illustrated in Fig. 37(a). When the load 
increased to approximately 15 kN, the two flexural cracks at 590 mm and 680 mm and 
another splitting crack at the mid-height become onset and increased in size until the 
concrete was crushed at approximately P = 17 kN, which suggests the flexural failure 
mode of the beam. The onset splitting crack at the mid-span implies an impaired steel-
concrete bond in the loading span due to the internal concrete damage induced by the 
expansive corrosion product. Furthermore, by comparing Figs. 37(a) and 37(b), it can be 
observed that one of the flexural cracks occurred close to the local maxima of the steel 
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weight loss Rw = 25.45% at about 690 mm.  
The cracking behavior of the beam III-1 in Fig. 38(a) clearly demonstrates a bond 
failure mode before the concrete was crushed. After the first crack appeared in the mid-
span, several other subsequent cracks developed extensively in the shear spans. The 
occurrence of these cracks was most likely dependent on the local maxima of the steel 
weight loss, which occurred out of the loading spans, as indicated in Fig.38(b). When the 
load reached approximately14 kN, the splitting cracks occurred suddenly and propagated 
rapidly in the longitudinal direction from the mid-span till the end of the left support, 
causing a large portion of the concrete to fall down. This long splitting crack suggests that 
the beam suffered from a severe steel-concrete bond loss, which may be attributed to the 
large corrosion amount (MRw = 27.23%) and a low confinement of the plain concrete 
without stirrups. Thereafter, up to a load of 15 kN, the primary cracks at 550 mm, 970 
mm, and 1030 mm widened relatively rapidly in the shear span until the top compressed 
concrete was crushed at 610 mm.  
Fig. 39(a) illustrates that the beam III-2 exhibited a shear failure mode in a brittle 
manner due to the rupture of the longitudinal reinforcement in the shear span. During the 
test, at a load of approximately 7.2 kN, the primary crack at 520 mm and mid-span 
deflection increased rather rapidly, which indicated that the corroded rebar yielded. Then, 
as the load reached 8.7 kN, the rupture of the reinforcement occurred at 490 mm, leading 
to a sudden collapse of the beam. This rupture of the corroded reinforcement was due to 
its highly localized corrosion pit in the shear span with Rw = 70.18% at 490 mm, as 
indicated in Fig. 39(b), and the larger corrosion cracking over 0.25 mm between 443 mm 
to 660 mm, as indicated in Fig. 39(c). 
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(a) Cracking pattern of beam I-1  
 
  
(b) Spatial variability in the steel weight loss and X-ray image of the steel corrosion at 180° 
 
  
(c) Spatial variability in the surface crack widths and photos of the corrosion cracking  
Fig. 35 (a) Cracking pattern; (b) spatial variability in the steel weight loss and X-ray image of 
the steel corrosion at 180°; and (c) spatial variability in the surface crack widths and photo of 
the corrosion cracking for beam I-1 
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(a) Cracking pattern of beam II-1 
 
  
(b) Spatial variability in the steel weight loss and X-ray image of the steel corrosion at 180°  
 
  
(c) Spatial variability in the surface crack widths and photos of the corrosion cracking  
Fig. 36 (a) Cracking pattern; (b) spatial variability in the steel weight loss and X-ray image of 
the steel corrosion at 180°; and (c) spatial variability in the surface crack width and photo of the 
corrosion cracking for beam II-1 
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(a) Cracking pattern of beam II-2  
 
   
(b) Spatial variability in the steel weight loss and X-ray image of the steel corrosion at 180° 
 
  
(c) Spatial variability in the surface crack widths and photos of the corrosion cracking  
Fig. 37 (a) Cracking pattern; (b) spatial variability in the steel weight loss and X-ray image of 
the steel corrosion at 180°; and (c) spatial variability in the surface crack widths and photo of 
the corrosion cracking for beam II-2 
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(a) Cracking pattern of the beam III-1  
 
  
(b) Spatial variability in the steel weight loss and X-ray image of the steel corrosion at 180° 
 
  
(c) Spatial variability in the surface crack widths and photos of the corrosion cracking  
Fig. 38 (a) Cracking pattern; (b) spatial variability in the steel weight loss and X-ray image of 
the steel corrosion at 180°, and (c) spatial variability in the surface crack widths and photo of 
the corrosion cracking for beam III-1 
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(a) Cracking pattern of beam III-2 
 
  
(b) Spatial variability in the steel weight loss and X-ray image of the steel corrosion at 180° 
 
  
(c) Spatial variability in the surface crack widths and photos of the corrosion cracking  
Fig. 39 (a) Cracking pattern; (b) spatial variability in the steel weight loss and X-ray image of 
the steel corrosion at 180°; and (c) spatial variability in the surface crack widths and photo of 
the corrosion cracking for beam III-2 
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4.8 Effect of spatial variability of steel corrosion on flexural responses of 
RC beams  
Figs. 40 and 41 depict the flexural load-deflection P-δ responses for all the corroded 
beams. The ultimate loads (Pu,exp) of the test beams are explicitly provided in the tables 
along with the global mean values (MRw) and standard deviations (SD) of their steel 
weight loss distributions. It should be noted that the deflection could not be recorded after 
the occurrence of concrete spalling at the mid-span for certain tests. Due to this reason, 
the ultimate loads of the P-δ curves in the graphs are occasionally different from those 
provided in the table, and the effects of variability of steel corrosion on the ductility of 
the beam is not discussed herein.  
Fig. 40 illustrates the flexural responses of the first group of beams, I-1, II-1, and 
II-2, with different W/C ratios, i.e., 50%, 40%, and 65%, respectively. The overall 
responses of this group suggest that it is not the concrete strength but the corrosion amount 
of each beam that has a more significant influence on their load bearing capacities. In the 
case of a small variability in the steel corrosion (i.e., a SD below 4.3%), the loading 
capacities (i.e., Pu,exp = 19.19 kN, 18.05 kN, and 16.99 kN) of the deteriorated beams II-
1, I-1, and II-2 decrease with the increasing global mean steel weight loss (i.e., MRw = 
16.97%, 19.65%, and 23.18%, respectively). 
Fig. 41 illustrates the flexural reposes of the second group of corroded RC beams, 
I-1, III-1, and III-2. By comparing the flexural responses of the beam I-1 with stirrups 
and the beam III-1 without stirrups, it can be inferred that the stirrup confinement has a 
significant effect on the bond performance of the corroded beams because the bending 
stiffness of the beam I-1 is larger than that of the beam III-1. For the beams I-1 and III-2 
that have stirrups, the beam III-2, which as a larger stirrup spacing, exhibits a significantly 
larger brittle behavior than the beam I-1, which has a smaller stirrup spacing. Furthermore, 
it should be noted that the corrosion level of the beam III-1 (MRw = 27.23%) is slightly 
65 
 
  
Fig. 40 Load-deflection responses of the corroded beams with different water-cement ratios. 
 
 
Fig. 41. Load-deflection responses of the corroded beams with different stirrup spacings 
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15.26 kN) is considerably larger than that of the beam III-2 (Pu,exp = 8.86 kN) and only 
relatively smaller than that of the beam I-1 (Pu,exp = 18.05 kN). In fact, the loading 
capacities of the beams I-1, III-1, and III-2 (i.e., Pu,exp = 18.05 kN, 15.26 kN, and 8.86 kN, 
respectively) decrease as their SD of the steel weight loss increases (i.e., SD = 4.31%, 
5.96%, and 10.38%, respectively). Torres-Acosta et al. (2007) also found that the 
maximum corrosion pits, rather than the average steel-cross section, are the more 
important parameter that affects the flexural load capacity. 
The experimental results in this study suggest that for a small dispersion in the 
steel weight loss (i.e., a SD below 4.3%), the mean steel weight loss or corrosion level 
instead of the corrosion pits appear to have a dominant effect on the loading capacity of 
the corroded beams. However, as the dispersion in the steel cross-section loss increases, 
the influence of the pitting corrosion on the loading capacity becomes more significant 
than the corrosion level. 
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Chapter 5: Assessment of structural performance of corroded RC 
members  
5.1 FE analysis of corrosion-affected RC beams 
5.1.1 Two-dimensional FE modeling of corroded RC beams 
Fig. 42 illustrates a two-dimensional finite element model used to simulate the responses 
of the corroded beams via Diana finite element analysis version 9.5 of TNO (2014). The 
concrete was modeled using four-node plane stress elements with sizes of primarily 10 
mm × 10 mm since this mesh size allows a convenient identification of distinct cracks 
through visualization of the cracked concrete elements without the need to introduce 
discontinuities to the FE models, according to Kallias and Rafiq (2010). The thickness of 
all concrete elements are equal to the beam width. The steel reinforcement is modeled as 
two-node truss bar elements, and the steel-concrete bond is modeled as a line interface 
element with a zero thickness. The material constitutive of concrete in Fig. 43(a) proposed 
by Kallias and Rafiq (2010) was used in this study. A total strain-based rotating smeared 
crack model was used for the incremental stress-strain relationship of concrete. The non-
linear tension softening curve of Hordijk was used to represent the tensile behavior of 
concrete with the combination of the crack bandwidth h and the tensile fracture energy 
Gf. All of the input parameters, including the concrete tensile strength ft and the tensile 
fracture energy of concrete Gf, were derived based on CEB (1993) using the compressive 
strength of concrete. The compression behavior of concrete was modeled following a 
parabolic curve, where the linear-elastic relationship was maintained until 30% of the 
compressive strength and post-peak curve was associated with the compressive fracture 
energy Gc (Nakamura, 2001). On the other hand, the stress-strain constitutive relation of 
rebar was expressed by a simplified bilinear shape, as indicated in Fig. 43(b). The perfect 
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and deteriorated bond slip relations were modeled based on CEB (1993) and Kallias and 
Rafiq (2010), respectively, as indicated in Fig. 43(c). 
5.1.2 Modeling the corrosion damage on the steel reinforcement 
Previous studies (Cairns et al. 2005; Du et al. 2005a; Du et al. 2005b) reported that both 
strength and ductility were affected mainly due to variability in steel cross-section loss 
over their lengths. Due to the difficulty in implementing the actual variability of steel 
corrosion in the numerical model, an alternative approach was suggested by modeling 
the corroded steel rebar over a length based on average cross-section loss together with 
empirical coefficients. The use of empirical coefficients (whose values are smaller than 
1) is to account for the reduction in strength and ductility of corroded rebar attributed to 
the irregular cross-section loss along the rebar length in addition to the reduction 
attributed to the average cross-section. However, in this paper, since the local corrosion 
damage on the rebar is considered in the FE model by reducing the steel cross-sectional  
  
Fig. 42 Details of the FE model: (a) two-dimensional FE model of the half-beam and (b) 
assumed cross-sectional area distribution over a half-length corroded rebar 
(b) Assumed cross-sectional area distribution over a half-length corroded rebar 
(a) two-dimensional FE model of the half-beam 
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(a) Stress-strain relationship of concrete 
 
(b) Stress-strain relationship of the steel reinforcement 
  
(c) Bond stress-slip relationship  
Fig. 43 Material constitutive models of (a) concrete in compression and tension; (b) steel 
reinforcement; and (c) bond stress-slip relationship 
 
areas over the rebar length according to experimental data of steel weight loss, the 
simplified bilinear constitutive stress–strain relationship of steel depicted in Fig. 43(b) is 
σ
ft
GF/h
u 
’u o
Gc/h
f'c
f'c,d
0.3f'c
Damaged 
Concrete
Undamaged 
Concrete
su
fy
fsu
σ

Es/100
Es
y
Sα Smax S2 S3S1
Umax,D
Umax
τmax
σ
Slip
Perfect bond
Deteriorated bond
70 
 
used without empirical coefficients. 
To investigate the effects of the distribution of the cross-sectional area over a rebar 
length on the computational result, non-uniform and uniform cross-sectional areas of the 
rebar have been used. Fig. 42(b) illustrates the cross-sectional area over the rebar length 
for the case where the non-uninform cross-sectional area is used. The spatial variability 
associated with the reduced cross-sectional area of the rebar was modeled by varying the 
cross-sectional area in each steel truss element with a length of 10 mm (i.e., 300–1080 
mm from the left side of the specimen) based on the local steel weight loss Rw estimated 
from the X-ray photogram; the average cross-sectional area was used for the remaining 
truss bar elements at other locations (i.e., 0 mm to 300 mm from the left side of the 
specimen) where the X-ray photogram was not taken. For the FE analysis with the 
uniform cross-sectional area of the rebar, all of the rebar elements have the same average 
cross-sectional area. 
5.1.3 Modeling the corrosion damage on concrete 
The expansion of the corrosion products caused the cracking and spalling of concrete. 
Consequently, the concrete region that was damaged by corrosion exhibited a reduced 
performance compared to that of the undamaged concrete regions. The corrosion damage 
on the concrete cover was considered in the FE model by modifying the stress–strain 
relationship of the concrete, as suggested by Coronelli and Gambarova (2004). The 
deterioration of the concrete’s compressive strength can be expressed: 
)]('1/['' 1 ocdc, kff    (18) 
where fʹc,d is the compressive strength of the corroded concrete; fʹc is the compressive 
strength of the non-corroded concrete, kʹ = 0.1; εo is the strain at the compressive strength; 
fʹc and ε1 is the average smeared tensile strain in the transverse direction. The strain ε1 can 
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be estimated as:  
oof bbb /)(1    (19) 
where bo is the section width in the virgin state (no corrosion cracks); and bf is the beam 
width increased by corrosion cracking.  
crbarsof wnbb  )(   (20) 
where nbars is the number of rebars; and wcr is the total crack width at a given corrosion 
level. The total crack width wcr can be determined by Molina et al. (1993) as: 
drscr Xπ(vw )12    (21) 
where vrs is the ratio between the specific volumes of rust and steel; and Xd is the depth 
of the penetration attack. In this study, vrs is assumed to be 2 (Monila et al. 1993). 
5.1.4 Modeling the corrosion damage on bond 
The residual bond stress-slip curve, as proposed by Kallias and Rafiq (2010), is used 
herein for the deteriorated steel-concrete bond interface element, and the well-known 
bond stress-slip relation in CEB (1993) is used to model the perfect bond between steel 
and concrete, as indicated in Fig. 43(c). The residual bond-slip relationship can be 
described as: 
3.0
11 )( SSUU    (22) 
3.0/1
1max1α )'( UUSS   (23) 
)/()]/()3.0/1exp[( D max,1o1D max,1max UULnSUULnSS   (24) 
where αʹ= 0.7; U1 = 2.57(fʹc)0.5, S1 = 0.15co where co = 8.9 mm is the spacing between the 
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ribs of the steel bar; S2 = 0.35co; and So = 0.15 or 0.4 mm for plain concrete or steel confined 
concrete, respectively. Umax,D is the residual bond strength, which can be determined 
according to Maaddawy et al. (2005):  
)/(191.0')]/(24.055.0[ bsytstcbD max, dSfAfdcRU   
(25) 
L21 mAA R  (26) 
where 𝑐 is the concrete cover; db is the diameter of the longitudinal bar; Ast is the cross-
section area of the stirrup; fyt is the yield strength of the stirrup; Ss is the stirrup spacing; 
R is the factor accountable for the residual contribution of concrete towards the bond 
strength as a function of A1 = 0.861 and A2 = ‒ 0.014, which is related to the corrosion 
current used in the accelerated corrosion test; and mL is the amount of steel weight loss in 
percentage, which is equivalent to MRw herein. Eq. (25) consists of two separate terms: 
the first and second terms are attributed to the concrete and stirrup contributions to the 
bond strength, respectively. The effectiveness of this equation is that the level of 
confinement can be varied with the changes in the stirrup spacing and concrete 
compressive strength for different specimens.  
5.1.5 Computational results of FE analysis 
To verify the accuracy of the FE model used in this paper, the flexural P-δ responses of 
the simulated beams are compared to those of the test beams, as indicated in Figs. 44–47. 
Generally, the flexural P-δ responses obtained from the FE method using both the mean 
and varied cross-sections as inputs overestimate the flexural responses of the 
experimental tests in all cases. The stiffness of the simulated beams is larger than those 
of the test beams throughout the evolution of damaging stages because their slopes of the 
P-δ curves are steeper than those of the test beams in both the pre- and post-peak regions. 
Nevertheless, regardless of the different input parameters, Figs. 44–47 demonstrate that 
73 
 
the FE method provides better predictions of the flexural responses for those corroded 
RC beams that have a smaller variability in the local steel cross-section loss. The 
differences in the bending stiffness between the numerical and test results for the beams 
 
Fig. 44 Experimental versus FEM results for the flexural responses of beam I-1. 
 
 
Fig. 45 Experimental versus FE results for the flexural responses of beam II-1. 
0
5
10
15
20
0 10 20 30 40
L
o
ad
, 
P
(k
N
)
Mid-spn deflection, δ (mm)
Experiment
FEvar (varied cross-section)
FEave (average cross-section)
F v r
a e
Pu,exp 
(kN)
Pu,var
(kN)
Pu,ave 
(kN)
18.05 19.60 20.20
I-1 (MRw = 19.65%, SD = 4.31%)
0
5
10
15
20
0 10 20 30 40
L
o
ad
, 
P
(k
N
)
Mid-spn deflection, δ (mm)
Experiment
FEM  (varied cross-section)
 FEM (mean cross-section)
var
F ave
Pu,exp 
(kN)
Pu,var
(kN)
Pu,ave 
(kN)
19.19 21.40 21.40
II-1 (MRw = 16.97%, SD = 2.51%)
74 
 
 
 
Fig. 46 Experimental versus FE results for the flexural responses of beam III-1. 
 
 
Fig. 47 Experimental versus FE results for the flexural responses of beam III-2 
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III-1 and III-2, which have a SD greater than approximately 6%. Moreover, the predicted 
ultimate loads of the beams are in good agreement with those of the test beams, except 
for those of beams III-1 and III-2 (with a SD over about 6%), which are quite different 
from the results of the test beam. In terms of different input parameters, it should be noted 
that the FE model using an input of varied steel cross-sectional areas Avar provides better 
predicted results compared to other models using an input of only the mean steel cross-
sectional loss Aave, especially for the case of beam III-2, whose variability in the steel 
weight loss is rather larger (i.e., SD over 10%). For the beams I-1, II-1, II-2, and III-1, 
which have a SD below 6%, the differences between the results of the simulated beam 
with inputs of Avar and Aave are slightly different, as indicated in Figs. 44–47. However, 
for the beam III-2 whose SD is over 10%, Fig. 47 indicates that there is a large difference 
between the simulated responses of the beams when using the inputs of Avar and Aave. The 
simulated beam that uses the varied steel cross-sectional areas Avar provided a 
considerably better prediction of the flexural response than the other beam, which used 
only the mean value of the steel cross-sectional areas Aave.  
Hence, the results of the FE model suggest that it is necessary to consider the 
effects of the spatial variability in the steel weight loss to assess the structural behavior 
of RC corroded beams if the variability in the steel cross-section reduction becomes larger 
(e.g., for a SD between 6% and 10% in this study). Although the FE model overestimates 
the bending stiffness for all of the cases, it still provides a good estimation of the loading 
capacity for corroded beams. The overestimation of the bending stiffness in both the pre- 
and post-peak regions may occur because the spatial variability in the bond deterioration 
was not considered in the FE model. More studies on this topic are needed for further 
improvements in FE modeling. 
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5.2 Reliability analysis of corroded RC beams considering spatial variability 
of steel corrosion 
5.2.1 Gumbel statistics of extreme values 
To assess the long-term structural performance of the corroded RC members, it is 
necessary to consider the spatial variability in the steel corrosion along the corroded RC 
members. Ignoring the effects of the spatial variability can lead to an overestimation of 
the probability of failure (Stewart 2004; Stewart and Al-Harthy 2008; Val 2007; Stewart 
2009; Stewart and Suo 2009). Therefore, modeling the spatially varied cross-sectional 
areas over the length of the corroded RC members is important for evaluating a long-term 
structural performance precisely. 
Chloride iron, by nature, causes local breakdowns on the passive film at the rebar 
surface if its concentration reaches a critical threshold at the rebar depth. Consequently, 
it generates localized or pitting steel corrosion with highly varied cross-sectional areas 
over the rebar length. Due to this characteristic of highly localized steel cross-section loss, 
which might result in a risk of a sudden failure of the structures, several researchers have 
used Gumbel statistics of extreme values to model spatial variability of steel corrosion. 
One research group (Stewart 2004; Stewart and Al-Harthy 2008; Val 2007; Stewart 2009; 
Stewart and Suo 2009) proposed the Gumbel distribution of a pitting factor Rp = pmax/pav, 
where pmax and pav are the maximum and the average pitting depths, respectively. However, 
another group (Zhang et al. 2014) suggested the use of a cross-sectional area spatial 
heterogeneity factor RA = Aave /Amin , where Aave and Amin are the average and the minimum 
cross-sectional areas, respectively. The former group assumed that Rp is time-invariant, 
thus ignoring the effects of the corrosion amount on its distribution while mentioning that 
the distribution parameters of Rp should be used carefully because Rp was observed to 
decrease with time. Conversely, the second group (Zhang et al. 2014) determined that the 
Gumbel distribution parameters μ and α increase linearly with the corrosion amounts. 
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Therefore, the manner in which the amount of corrosion affects the Gumbel parameters 
has not been well established. Furthermore, it should be noted that several studies (e.g., 
Zhang et al. 2014), which model the spatial variability in the steel corrosion based on the 
amount of corrosion, used the data on steel corrosion from different corroded rebars 
subjected to various amounts of corrosion rather than from the same corroded rebars.  
Due to time consumption and difficulty in estimating geometrical shapes of 
residual cross-sectional area, the spatial steel corrosion is modeled in this research using 
the Gumbel distribution of the maximum steel weight loss ratio Rswl = Wmax/MRw, where 
Wmax is the local maximum steel weight loss per 50-mm intervals of a corroded rebar and 
MRw is the global mean steel weight loss at a given time of corrosion. Additionally, the 
effects of the amount of corrosion on the Gumbel distribution parameters for the same 
corroded rebar of five corroded beams is investigated. First, at six different corrosion 
amounts or MRw values, the Wmax values were extracted from the variation in the steel 
weight loss data along the length of each beam at every 50 mm. Then, the Rswl values for 
each corroded rebar were determined and grouped based on the MRw values and sorted 
in ascending ith orders. The probability of the occurrence Fi that corresponds to the ith 
value of Rswl can be determined as follows: 
)1/(  NiFi  (27) 
where i = 1,2,3,…, N (N is the total number of Rswl per single corroded rebar). The 
probability density function (PDF) of the random variable X = Rswl can be expressed 
according to Zhang et al. (2014) as follows: 
)exp()/1()( /)(/)(    xx eexf  (28) 
where X is the random variable, and μ and α are the location and scale parameters of the 
Gumbel distribution, respectively. The parameters μ and α can be determined via the 
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expectation and variance of Rswl (i.e., E(Rswl) and D(Rswl)) as follows: 
 )( swlRE      (29) 
6/)( 22swlRD  (30) 
where γ = 0.5772 is Euler’s constant. 
  
 (a) Beam I-1 (b) Beam II-1 
   
 (c) Beam II-2 (d) Beam III-1 
 
 (e) Beam III-2 
Fig. 48 Fitting the values of –ln[ln(1/Fi)] with Rswl 
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To verify if Rswl can be characterized by the Gumbel distribution, the scattering 
plot of Rswl versus its corresponding values of −ln[ln(1/Fi)] was constructed in Fig. 48 for 
all of the corroded beams. The Gumbel distribution fits extremely well to the Rswl values. 
  
 (a) Beam I-1 (b) Beam II-1 
   
 (c) Beam II-2 (d) Beam III-1 
 
 (e) Beam III-2 
Fig. 49 Probability density function of Rswl at different global mean steel weight steel losses 
MRw. 
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These results prove that the Gumbel distribution parameters can be used to estimate the 
Rswl values. Therefore, the PDFs of Rswl for various amounts of corrosion (specified by 
the MRw values) for all of the beams are plotted in Fig. 49 to study the range over which 
the data of Rswl spreads. The PDFs of Rswl in Fig. 49 indicates that the Rswl data spreads in 
a range of approximately from 0.6 to 2.0.  
5.2.2 Relationships between the average steel corrosion and Gumbel 
parameters 
To study the effects of the amount of corrosion on the Gumbel parameters μ and α, 
scattering plots between the values of MRw and μ or α for all of the beams are illustrated 
in Figs. 50(a) and 50(b), respectively. Fig. 50(a) depicts a strong relationship between the 
Gumbel location parameter μ and the amount of corrosion, in which μ gradually decreases 
as MRw increases. For the relationship between the Gumbel scale parameter α and the 
amount of corrosion, Fig. 50(b) indicates a weak relationship due to a large scattering of 
the data points. Nevertheless, the scattering data points that accumulate below α = 0.30 
in Fig. 50 (b) suggest a good trend in their relationship, in which the Gumbel scale 
parameter α decreases as MRw decreases, and since the scattering data points are within 
a small range (0.10 < α < 0.30), it can be reasonable to use the average line of the 
regression analysis provided in Fig. 50(b) to estimate the value of α.     
  
 (a) (b) 
Fig. 50 Relationships between the Gumbel parameters of Rswl and MRw. 
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5.2.3 Illustrative example for application of Rswl  
In this section, an example is illustrated to study the effects of the spatial and non-spatial 
steel corrosion on the failure probability of a corroded RC beam under flexure. Fig. 51 
shows the configuration of the RC beam in question and its discretization into a series of 
elements along the beam length. The RC beam was singly reinforced with four deformed 
bars that have a diameter of 19 mm and simply supported with an effective span length 
of 6 m. The rebar has a grade of 60 with the yield strength of 420 MPa. 
For the model of spatial steel corrosion, it is assumed that the middle part of the 
steel reinforcements in each element suffers from corrosion attack and their reduced 
cross-sectional areas are characterized by Gumble distribution. In the case that the spatial 
distribution is not considered, the failure probability is estimated by assuming that the 
magnitude of steel weight loss is spatially invariant over the entire beam length. Table 4 
shows the statistics associated with other random variables (i.e., f ’c, fy, d, and Q) which 
are used in Monte Carlo simulation (MCS) assuming that they are not spatially distributed. 
Since fy is treated as a random variable following normal distribution, there is a possibility 
that certain random values of the yield strength of rebar fy are smaller than the minimum 
yield strength 420 MPa according to the standard specification for deformed bars ASTM 
A615. In order to avoid this problem, a condition is set in the Monte Carlo algorithm such 
that the value of yield strength fy in each sample is not smaller than or equal to 420 MPa. 
Moreover, as mentioned in Section 5.2.2, since there is a large scatter of data 
points for between Gumbel scale parameter (α) and global mean steel weight loss (MRw) 
due to the fact that these two parameters are obtained from the corroded rebars of 
specimens which were made under different conditions (i.e., different water-cement ratios 
and stirrup spacing). Under these different conditions, it is very difficult to reduce the 
large scatter of the data points. To study the effect of the scale parameter on the probability 
failure of the corroded beam, the sensitivity analysis is conducted by considering  
82 
 
 
Fig. 51 Configuration of the RC beam and its discretization of into a series of elements along 
the beam length. 
Table 4 Statistics of Random Variables 
Random variables Design value Mean COV Distribution 
Cross Section AS (cm2) 11.34 - - Gumbel 
Compressive strength f’c (MPa) 38.04 45.27 0.10 Normal 
Yield strength, fy (MPa) 413.42 465.10 0.04 Normal 
Effective depth, d (mm) 417 417 0.05 Normal 
Uniform loading, Q (kN/m) 30 30 0.05 Lognormal 
Note: COV = coefficient of variation 
 
Fig. 52 Effect of the modeling of spatial distribution associated with the steel corrosion on the 
failure probability of the corroding RC beam.  
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the maximum value (α = 0.3) and minimum value (α = 0.1) of Gumbel scale parameter 
for the flexural capacity estimation of the corroded beams. 
Therefore, the critical flexural performance function at any element for a given 
global average steel corrosion can be determined as: 
))()((min)( ,,
,1
ijsijr
Nj
i MRwMMRwMMRwg 

 (31) 
where Ms,j(MRwi) and Mr,j(MRwi) are the bending moment caused by the loading and 
flexural resistance at the mid-point of any element j, respectively, which occur at a global 
average steel weight loss i.  
Fig. 52 illustrates the effect of the modeling of spatial distribution associated 
with the steel corrosion on the reliability of the corroding RC beam. It can be seen that 
the failure probability of the corroding RC beam with the spatial variability of reduced 
steel cross-sectional areas over the beam is much higher than the other one with the non-
spatial variability of reduced steel cross-sectional areas. This result indicates that an 
assumption of non-spatial steel corrosion (i.e., uniformly reduced steel cross-sectional 
areas over the beam length) is an oversimplification and it is necessary to consider the 
spatial variability associated with steel corrosion in the reliability assessment of corroding 
RC beams. Furthermore, the results from sensitivity analysis shows the changes in scale 
parameters in between 0.3 and 0.1 causes a big difference in the probability of failure. 
Therefore, it can be said that the scale parameter has a substantial effect on the probability 
failure of the corroded beam. 
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Chapter 6: Conclusions and future works 
In this research, the effects of the spatial variability in the steel corrosion on the structural 
performances of five accelerated-corrosion RC beams have been experimentally 
investigated and discussed. Furthermore, an FE analysis method has been provided to 
simulate the structural responses of the corroded beams when considering two different 
inputs (i.e., uniform and non-uniform cross-sections along the reinforcement). The 
accuracy of the FE model is presented by comparing the numerical results of the flexural 
responses of the simulated beams to those of the test beams in the experimental study. 
Moreover, the relation of the Gumbel parameters and corrosion amounts established in 
this study can be used to produce the stochastic field associated with the steel corrosion 
in RC structures. This in turn can facilitate the life-cycle performance assessment and 
management of deteriorated RC structures (Thanapol et al. 2016; Akiyama et al. 2016; 
Akiyama et al. 2010) by incorporating the spatial variability of steel corrosion. The main 
conclusions are summarized as follows: 
1) The rebar weight loss estimated by using the digital image analysis of X-ray 
photograms was found to be only 3% higher than that of the actual measured steel 
weight loss. This demonstrated the good accuracy of the present application of the 
X-ray technique for investigating the spatial growth of corroded rebars in RC 
members. 
2) The distributions of the steel weight loss and crack width are spatially non-uniform, 
and their degree of non-uniformity significantly increases as the steel weight loss and 
corrosion cracking increases. The cause of this larger spatial variability might result 
from the greater contribution of the larger surface cracks to the increase of steel 
weight loss (i.e., the larger corrosion cracking allows the much higher chloride 
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concentration to penetrate through and reach the reinforcement more easily).     
3) The maximum steel weight loss usually does not occur at the locations corresponding 
to the maximum crack width and often occurs close to the stirrups. Additionally, these 
locations vary depending on the mean steel weight loss.  
4) A strong relationship was found between the standard deviations of the steel weight 
loss or crack width and the differences between their maximum and minimum values 
when the mean steel weight loss exceeded 5%. This relationship may allow the 
estimation of the variability between two points after data from the in situ inspection 
of steel corrosion are obtained. 
5) Effect of W/C ratio on the increased steel weight loss is not obvious. Meanwhile, the 
crack width of the specimens with low W/C ratios increased faster than those with 
high W/C ratios. 
6) The crack width and steel corrosion of the specimen without stirrups increased more 
quickly than those of specimens with stirrups. Increasing the number of stirrups slows 
the steel corrosion but accelerates the growth of the crack widths. 
7) A comparison between the cracking patterns of corroded beams after the flexural 
bending test and their individual non-uniform distribution of the steel weight loss 
along the beam length reveals the primary localized cracks, which leads to the beam 
collapse occurring approximately at the local maxima of the steel weight loss. It can 
be inferred that the local damages of the corroded RC beams can be physically 
captured if the non-uniform steel weight loss along the reinforcement is adequately 
assessed. 
8) For a small dispersion in the steel corrosion (i.e., with a standard deviation of steel 
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weight loss below approximately 4.5%), the experimental results suggest that the 
structural capacity of the corroded beams is governed by the corrosion levels (as 
specified by the mean steel weight loss) rather than the local dispersion in the steel 
cross-section loss. 
9) As the dispersion in the steel cross-section loss increases, the influence of the pitting 
corrosion or the local variability in the steel cross-section loss on the structural 
capacity of the corroded beams becomes more significant than the corrosion level. 
However, with limited experimental data, it is difficult to specify the exact value of 
dispersion at which the pitting corrosion becomes the dominant parameter. Further 
experimental studies are required for additional verification. 
10) The relationship between the Gumbel distribution parameters of the maximum steel 
weight loss ratio and the corrosion amounts has been established. This relationship 
can be used for modeling the spatial variability in the steel corrosion and incorporated 
with the probabilistic model to predict the long-term structural performance of 
corroded RC structures. 
11) Both results from the FE and probabilistic methods suggest that an assumption of the 
non-spatial (uniform) steel corrosion is not conservative for the reliability assessment 
of corroding RC members, and it is necessary to consider the spatial steel corrosion 
when evaluating the life-cycle structural performance of corrosion-affected RC 
structures.  
The limitations of the experimental, numerical, and probabilistic methods are 
provided herein; and some recommendations are also suggested for improvements in the 
future research. According to the previous studies (Cairns et al. 2005; Du et al. 2005; Zhu 
et al. 2013), the rebars affected by corrosion was reported to suffer a greater loss in its 
ductility rather than strength. Therefore, the experimental methods in the future shall be 
improved so that the deflection of the corroded beam can be measured until the beam 
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collapses, and the steel corrosion effect on ductility reduction of the corroded beams has 
to be addressed and quantified.  
The statistical data of spatial variability associated with steel weight loss in this 
research is obtained from rebars that were corroded using acceleration-corrosion tests 
with a quite large impressed current density of 1000 μA/cm2. This current density was 
selected in this study since the corrosion test of multiple beams must be completed within 
a time frame with a few corrosion devices. Moreover, the experiment also involves taking 
X-ray images and analyzing a large amount of data. It is reported the spatial variability of 
steel corrosion might become larger as the applied current density is increased. Therefore, 
more researches are needed for studying the effects of different current densities on the 
spatial variability of steel corrosion.  
Furthermore, it has been reported in the literature that macro corrosion cell can 
occur in the RC structure in which corrosion of one bar might be influenced by the other 
neighboring bars. In this study, all RC beams were reinforced with only one bar. This 
feature of experiment allows an easy interpretation of the effect of corrosion on the 
cracking width. However, it has a limitation in that it does not take into account of the 
corrosion effect of other neighboring bars. Hence, experiments using RC beams or slabs 
with multiple rebars shall be further investigated in the future. 
For the numerical FE method, the constitutive materials of concrete and bond 
were adopted from the previous studies (Kallias and Rafiq, 2010). Although this FE 
method is capable of providing good predicted results for the loading capacity, it 
overestimates the stiffness of the beam throughout all the damaging stages. It was verified 
in Kallias and Rafiq (2010) that this bond-slip model could be used to estimate the effect 
of bond deterioration on the decrease in stiffness of the corroded beam by comparing the 
flexural response of simulated beams by FE models to those of test corroded beams. 
However, it seems that although the bond-slip model that provided good estimation result 
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in comparison to the test beams of other experimental research it cannot give adequate 
accuracy for estimating the effect of bond damage for corroded beams in this research. 
Further FE computational studies are needed for refining the bond constitutive model in 
order to simulate bond deterioration effect more precisely. 
For the reliability analysis of structural performance of corroding RC structures, 
the probabilistic method used herein only considers a simple cross-section analysis. It 
does not consider the bond deterioration between steel and concrete and damage of 
surrounding concrete due to corrosion. In the future research, the method of integrated 
approach using the FE numerical analysis and probabilistic method might be a good 
option for considering the effects spatial steel corrosion on the bond interface and 
damaged concrete.          
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